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Rainfall-runoff impacted by anthropogenic activities transports significant quantities of 
particulate, aqueous and complexed constituents.  These diffuse, unsteady and stochastic event-
based loadings are unique challenges for water quality and quantity control.  The design, water 
quality and quantity functions of a partial exfiltration reactor (PER) utilizing Fe-coated-sand and 
porous pavement (CPP) is examined specifically across three representative rainfall-runoff 
events.  Total concentrations and mass for metals (Zn, Pb, Cu and Cd), suspended solids, and 
Chemical oxygen demand were reduced significantly. Rainfall-runoff volume and peak flow 
were reduced and time to peak was extended.  Influent dm/dp ratios based on particle analyses 
suggest that the dominant PER particle separation mechanisms were physical-chemical filtration 
with the CPP layer functioning as a straining surface.  The performance of the PER is a function 
of the unsteady site hydrology with a particle mass-based concentration removal efficiency 
ranging from 71 to 96 %.  A 2D numerical model with Richard’s equation was used to simulate 
the effluent hydrograph and water content profiles under transient hydraulic loadings illustrating 
the water quantity and water quality function of the PER.  The exfiltration capacity of the 
surrounding soil met limitation with bypass occurring, when simulated for 1, 2, and 5 year design 
storm events.  Evaporation dominants the drying process in the top layer of the PER, which can 
be dried out in 2 days in summer.  The role of saturation degree, ionic strength, and media 
characteristics in variably saturated filtration was examined by bench-scale experiment.  The 
breakthrough of suspended particles decreased with decreasing water saturation degree and with 
increasing ionic strength.  Variably saturated flow filtration was proved to be more efficient than 
saturated flow filtration for concrete media.  A dimensionless surface tension number NST was 
introduced to extend a trajectory saturated filtration model to variably saturated porous media.  
 xv 
The relationship between unsaturated hydraulic conductivity and water content was developed 
by fitting gravimetric measurement data to the van Genuchten equation.  Good agreement with 
experimental data supports the conceptual basis of the trajectory model with a combined gas-
liquid interface adsorption term in addition to the straining, interception, and sedimentation 
mechanisms of the trajectory model for saturated flow.  
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CHAPTER 1. INTRODUCTION 
 
 
RAINFALL-RUNOFF FROM THE BUILT ENVIRONMENT 
A century ago the major concerns with rainfall-runoff was ensuring drainage from farm 
and floodplains to make way for agricultural development.  Later, with the growth of urban and 
suburban areas and higher expectation for future development, concerns broadened to convey 
rainfall-runoff quickly off pavements, yards and rooftops and into streams by developing 
efficient curbs and gutter and storm sewer or combined sewer conveyance systems.  Rapid 
efficient drainage from roadway surface, yards, parking lots, and areas of the built environment 
as well as the traditional concern of flooding were of paramount importance.   
Water Quantity Issues 
Control and reuse of rainfall-runoff has been challenging in the built environment ever 
since the emergence of an urban population and the infrastructure required to support such a 
population.  The challenge is increasing with the growth of urban population of the world.  
Communities are growing and indelibly changing the landscape.  Forests, farms and meadows 
are being transformed into houses, shopping centers, roadways and parking lots, which all have a 
common hydraulic property; modification of rainfall-runoff quantity and quality processes 
through imperviousness.  Our constructed urban and highway environments which were 
designed for rapid and efficient transport of storm water flows increased localized flooding. The 
highly impervious nature, relative lack of roughness and reduced hydraulic resistance of our 
urban pavement and surface/subsurface drainage systems have resulted in increased urban 
rainfall-runoff peak flows, increased flow volumes and reduced lag time (Malcom 1989).  If one 
had to describe what single attribute or index of the built urban and highway environment 
contributes significantly to modification of both water quality and quantity, it would be the 
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degree of imperviousness.  Data from 47 small urban watersheds across the USA indicates that 
an approximately linear relationship exists when the volume-based runoff coefficient (“C”) is 
regressed against watershed imperviousness (Schueler 1987).  Rainwater, which was once 
infiltrated into soils covered by vegetation, recharging aquifers and maintaining stream base flow 
and waterway health, is rapidly conveyed from impervious surfaces, through extensive 
conveyance systems into receiving waters without much infiltration.  As a result, this rainfall-
runoff is lost as a resource for the long-term health of natural water systems.  Modern storm 
water quantity management emerged with the acknowledgement of the importance and challenge 
associate with on-site and regional storm water best management practices (BMPs).   
Water Quality 
Rainfall-runoff discharge generated from urban areas, roadway pavements, building 
rooftops and other surfaces accumulates and transports significant event and annual loads of 
pollutants such as oil and grease, chemicals, nutrients, metals, bacteria, and a wide gradation of 
particulate matter as it travels across land to receiving waters (Hamilton and Harrison 1991).  A 
primary source of anthropogenic constituents found in urban rainfall-runoff may be attributed to 
traffic, specifically, pavement-tire interaction and abrasion, abrasion of brake linings, leakage of 
oil, gas and lubricants, highway maintenance practices including the application of deicing salts, 
and littering (Armstrong 1994, Ball et al. 1991, Irish et al. 1995, Lygren et al. 1984, Muschack 
1990, Tong 1990, Sansalone et al. 1998).  Degradation of the physical and chemical 
characteristics of rainfall-runoff are, to a significant degree, related to the hydrologic 
modifications by impervious surfaces and anthropogenic influences such as transportation and 
infrastructure impacting the hydrologic and the water chemistry of rainfall-runoff.  When the 
urban surface is loaded by a hydrologic event, even a complex, high-intensity, high-volume 
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runoff event, the transport of contaminant mass is directly coupled to the hydrology and 
hydraulics of the urban surface (Sansalone et al 1998, Singh 1997).   
In urban transportation corridors and roadway environments, metal elements are 
generated primarily from the abrasion of metal-containing vehicular parts, including the abrasive 
interaction of tires against pavement and oil and grease leakage (Armstrong 1994, Ball et al. 
1991, Lygren et al. 1984, Muschack 1990, Tong 1990).  Urban rainfall-runoff levels of Zn, Cu, 
Cd, Pb, Cr and Ni are significantly above ambient background levels, and for many heavily 
traveled roadways, Zn, Cu, Pb and Cd often exceed USEPA and State EPA surface water 
discharge criteria on an event basis (Sansalone and Buchberger 1997).  Traction and deicing 
agents include a variety of substances including grit or sand to salts such as NaCl and CaCl2.  
These winter storm maintenance practices generate pollutants discharged from the environment 
through snowmelt (Field et al. 1974).  For a given urban area, from urban interstate highway 
pavement alone, annual heavy metal, total suspended solids (TSS), chemical oxygen demand 
(COD) loadings and storm water flows have been shown to equal or exceed annual loadings and 
flows from untreated domestic wastewater for the same urban area (Sansalone et al. 1998, Klein 
et al. 1974).  
These anthropogenic non-point loadings and impacts from urban and transportation land 
use rainfall-runoff to receiving waters and surficial soils have received increasing attention in the 
USA over the last decade as a result of a better understanding of rainfall-runoff.  Recent 
regulations such as National Pollutant Discharge Elimination (NPDES) Phase II in 1999 and 
Total Maximum Daily Loads (TMDLs) have helped focus attention on rainfall-runoff issues.  
Over the last decade there has been increasing application of in-situ at-grade or below-grade 
controls by which rainfall-runoff has been introduced to various degrees into surficial soils, 
 4 
through the use of engineered systems for both water quality and quantity enhancement.  Many 
design professionals, regulators, State DOT offices and municipalities are examing such 
infiltration BMPs but have lacked the documentation as to how such BMPs perform subject to 
real loadings.   
BEST MANAGEMENT PRACTICES (BMPs)  
Types of BMPs 
A rainfall-runoff best management practice (BMP) is a technique, measure or structural 
control that is used for a given set of conditions to manage the quantity and improve the quality 
of rainfall-runoff in the most cost-effective manner.  BMPs can be either engineered and 
constructed systems ("structural BMPs") that improve the quality and/or control the quantity of 
runoff such as detention ponds and infiltration trench; or institutional, education or pollution 
prevention practices designed to reduce the amounts of pollutants contained in the rainfall-runoff 
("non-structural BMPs").   
Structural BMPs can be grouped into several general categories.  Rainfall-runoff 
detention or retention systems provide temporary or long-term storage of a runoff volume with or 
without subsequent release.  Examples of detention systems include detention basins, 
underground vaults, tanks or pipes, and deep tunnels, as well as temporary detention in parking 
lots, roof tops, depressed grassy areas, etc.  Retention practices would be those practices that 
either infiltrate or evaporate runoff, such as infiltration trenches, wells or basins. The ASCE 
National Stormwater BMP Database have grouped the structural BMPs as infiltration systems, 
detention systems, retention systems, constructed wetland, filtration systems, and vegetated 
systems (biofilters). 
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The selection and design of BMPs, as in-situ treatments, is directly impacted by site-
specific hydrologic and hydraulic modifications of impervious surfaces, existing infrastructure 
and land-use conditions, local climate conditions, as well as local anthropogenic loading 
conditions.  
Infiltration-Exfiltration 
Infiltration systems include infiltration basins, porous pavement systems, and infiltration 
trenches or wells.  An infiltration BMP is designed to capture a volume of rainfall-runoff, retain 
it and infiltrate that volume into the ground.  Infiltration of rainfall-runoff has a number of 
advantages and disadvantages.  The advantages of infiltration include both water quantity control 
and water quality control.  Water quantity control can occur by taking surface runoff and 
infiltrating this water into the underlying soil.  This reduces the volume of water that is 
discharged to receiving drainage system and streams, thereby reducing some of the potential 
impacts caused by an excess flow as well as increased pollutant concentrations in the receiving 
stream.  Rainfall-runoff from urban and transportation land uses is a complex physico-chemical 
heterogeneous mixture of heavy metals, particulate matter, inorganic and organic compounds 
with variations in flow, concentrations and mass loadings that sometimes vary by orders of 
magnitude during a single hydrologic event (Teng and Sansalone 2003).  Therefore, infiltration 
BMPs can also provide water quality treatment.  Pollutant removal can occur as water exfiltrates 
through the various soil layers. As the water moves through the soil, particles can be filtered out, 
and metals adsorbed or complexed.   In addition, microorganisms in the soil can degrade organic 
pollutants that are contained in the infiltrated rainfall-runoff.  Infiltration can have many 
secondary benefits such as increasing recharge of underlying aquifer sand increasing baseflow 
levels of nearby streams.   
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Although infiltration of rainfall-runoff has many benefits, it also has some drawbacks.  
First, simple infiltration without engineered media or engineered and tested BMPs may not be 
appropriate in areas where the potential for metals or non-degradable contamination is present 
due to the potential for contaminant migration.  In urban industrial areas, as a result of low rainfall 
alkalinity, low rainfall pH (4 to 5.5) and low pavement residence time, urban runoff from asphalt 
pavement is of low alkalinity (less than 50 mg/L as CaCO3) and low pH.  Such characteristics have 
a significant effect on partitioning and metal element speciation.  As an example, data from two 
instrumented roadways in the USA (urban Cincinnati) and in the United Kingdom (urban London), 
demonstrate dissolved fractions ranged from 65 to 90 % for Cd, Cu and Zn, and 40 - 55 % for Pb 
(Sansalone and Buchberger 1997; Revitt et al. 1990).  Secondly, the performance of infiltration 
BMPs is limited in areas of high water table.  Third, infiltration BMPs can experience reduced 
infiltrative capacity and even clogging due to excessive sediment accumulation if such systems 
are not maintained.  Frequent maintenance may be required to restore the infiltrative capacity of 
the system.   
Porous Pavement Systems 
Porous pavement is an infiltration system where rainfall-runoff runoff is infiltrated into 
the ground through a permeable layer of pavement or other stabilized permeable surface that has 
shear strength and carries a compressive load.  These systems can include porous asphalt, porous 
concrete, modular perforated concrete block, cobble pavers with porous joints or gaps or 
reinforced/stabilized turf (Urbonas 1994).  Permeable pavement can be used in parking lots, 
roads and other paved areas and can greatly reduce the amount of runoff and associated 
pollutants leaving the area.  Porous concrete systems in use in Florida have performed well.  
When properly designed and maintained, porous pavement systems can be an effective means of 
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managing urban rainfall-runoff runoff.  Porous pavement systems are suitable for a number of 
applications and require maintenance including periodic vacuuming or jet-washing to remove 
particles from the pore spaces. 
Infiltration Trenches and Wells 
An infiltration trench or well, which is usually filled with gravel or other media, is 
designed to infiltrate rainfall-runoff into the ground.  A volume of rainfall-runoff is diverted into 
the trench or well where it infiltrates into the surrounding soil.  Typically infiltration trenches 
and wells can only capture a small amount of runoff and therefore may be designed to capture 
the first flush of a runoff event whether or not such a phenomenon exist.  For this reason, they 
are frequently used in combination with another BMP such as a retention basin to control peak 
hydraulic flows.  Infiltration trenches and wells can be used to remove suspended solids, 
particulates, bacteria, organics and soluble metals and nutrients through the mechanisms of 
filtration, absorption and microbial decomposition.  They are also useful to provide groundwater 
recharge and to increase base flow levels in nearby streams.  As with other BMPs these system 
must be maintained or they will fail. 
Filtration Systems 
A filtration system is a device that uses a media such as sand, gravel, peat or compost to 
remove a fraction of the constituents found in rainfall-runoff. There are a wide variety of filter 
types in use. There are also a variety of proprietary designs that use alternative filter media made 
from materials such as leaf compost. Filters are primarily a water quality control device designed 
to remove particulate pollutants.  Media filters are commonly used to treat rainfall-runoff from 
small sites such as parking lots and small developments, in areas with high pollution potential 
such as industrial areas, or in highly urbanized areas where land availability or costs preclude the 
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use of other BMP types.  Filters are usually placed off-line (i.e., a portion of the runoff volume, 
called the water quality volume, is diverted to the BMP, while any flows in excess of this volume 
are bypassed) and are sometimes designed to intercept and treat only the first half inch or inch of 
runoff and bypass larger rainfall-runoff flows.  Once again this assumes that a first-flush exists, 
aphenomenon that has been called into question recently (Sansalone and Cristina, 2004).  A 
benefit of using filters in highly urbanized areas is that the filter can be placed under parking lots 
or in building basements, limiting or eliminating costly land requirements.  However, placing 
filters “out of sight” may have implications for continued maintenance, issues of performance 
and implication of failure.  Media filters should be used after a forebay or pre-settling chamber 
that removes a portion of the solids prior to filtration. This helps to extend the life of the filter 
run and prevent clogging of the filter system. Also, care must be taken to prevent construction 
site sediments, solid debris and fines washed off of newly paved areas carrying construction 
traffic from entering the filter, as these can cause premature clogging of the filter.  Many in-situ 
filters are not capable of regular back-washing. 
In-situ Partial Exfiltration Reactor (PER) 
An in-situ partial exfiltration reactor (PER) has been developed combining the advantage 
of porous pavement, infiltration trenches and engineered filtration using oxide coated media to 
incorporate the adsorption for metal constituents.  The cementitious porous pavement (CPP) 
functions as initial control preventing solids from entering the PER.  Solids in runoff have a wide 
particle size distribution (PSD) ranging in size from less than 1-µm to greater than 10,000-µm in 
urban and highway sites (Sansalone et al. 1998).  This design consideration requires that large 
particulate material be strained at the surface where it can be easily removed.  Another important 
function of CPP is to elevate the pH and alkalinity of the rainfall-runoff so that the metal 
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elements can be precipitated in the PER.  Partitioning which profoundly affects selection and 
efficacy of BMPs as in-situ controls for metal elements can vary as a result of runoff pH and 
alkalinity.  The engineered media component of the PER oxide coated sand (OCS) has two 
functions, one to provide sorption for dissolved metal elements, and another to filter fine 
particulates and particulate-bound metal elements.  The underdrain was designed to function as a 
primary conveyance for infiltrated runoff not exfiltrated from the PER.  The underdrain is a 
continuous, perforated pipe, located at the longitudinal invert of the PER.  The underdrain 
capacity can be based on a worst-case assumption of minimal native soil exfiltration, allowing 
the underdrain to convey all infiltrated flow to drainage structures or surface discharge. 
OBJECTIVES 
 This study focused on the infiltration and filtration functions for both water quality and 
quantity control of the PER.  The performance of the PER was evaluated and studied by field 
experiments, hydrological modeling, bench-scale column experiments as well as filtration 
trajectory modeling.  The goal of this study consisted of the following aspects.  
The first objective of this study was motivated, in part, to quantify and document the 
behavior of an in-situ partial exfiltration reactor (PER) subject to actual rainfall-runoff loadings.  
This objective was conducted by illustrating the design of the PER as an in-situ BMP based on 
knowledge of rainfall-runoff loadings, the use of engineered sand media, and site conditions.  
The water quality and quantity function of a PER as a passive in-situ control was demonstrated 
for commonly found constituents in transportation land use runoff in a clayey glacial till soil of 
low hydraulic conductivity with a low groundwater table.     
The second objective of this study was related to the rainfall-runoff particulate loading 
and particle separation performance of the in-situ PER for three rainfall runoff events where the 
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entire runoff volume was captured and treated by the PER.  The influent and effluent suspended 
particles were characterized based on particle number and mass along with modeling of each 
gradation through a cumulative power law model.  The mass-based gradations of particulate 
matter “schmutzdecke” separated at the surface of the PER through surficial straining by the 
porous pavement surface was examined.  The pore size distribution in the porous pavement layer 
and oxide-coated sand bed layer of the PER was examined.  The performance of the PER as an 
in-situ filter for the separation of traffic-generated particulate matter was evaluated based on 
statistical analysis.  The predominant separation mechanisms that occur in the PER was 
examined and the temporal variability of filter coefficients based on particle analyses of influent 
and effluent were evaluated.   
The third object of this study was to examine the response of the linearly extended PER 
system as an urban BMP to transient hydrologic loadings.  This objective combined numerical 
flow modeling and field-scale experimental data.  The PER water quantity response based on 
measured data was first examined for a series of discrete historical events. The water quality 
function of the PER was also examined for these historical events for selected particulate and 
dissolved parameters.  Then the variation of the PER response was examined for different 
surrounding soil types.  The PER water quantity response was evaluated for 1, 2, and 5 year 
design storm events.  Using the calibrated variably saturated PER model, water content profile 
was also developed to illustrate water movement inside PER under storm loadings.  The 
dynamics of the water content with time was examined at different depth in PER which were 
simulated to illustrate the relation between effluent flow rates and water content variation.  
Evaporation was incorporated in the drying process of the PER to quantify the effect of the 
evaporation for different climate conditions.  Finally, the degree of bypass or overflow has 
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important implications for the attainment of concentration, mass and volume reductions.  
Therefore, bypass of the PER was quantified for soil type and design event level. 
The fourth objective for this study was a controlled investigation of hydraulic and 
particulate loadings under controlled water quality conditions for suspended and settleable 
fractions in rainfall-runoff.  All experiments in this objective were carried out under controlled 
hydraulic, particle and water quality loading conditions in the laboratory using 1-D columns.  
The influence of variably saturated hydraulic loading rates on filtration performance was 
evaluated.  Then the role of ionic strength on filtration performance was investigated under same 
variably saturated flow conditions.  These variably-saturated results were contrasted to those of 
saturated conditions.  The relative filtration performance of a number of common BMP media 
was examined.  These media varied from examples of common natural media, to recycled media 
to engineered media.  Additionally, in this objective, the dispersivity of the porous media system 
under controlled hydraulic loading rates was examined for variably saturated conditions.  
Measurements of zeta potential for the specific particle minerology were carried out for across a 
wide range of pH and salinity.  
The last objective in this study was to develop a trajectory filtration model for particles 
transport through variably saturated porous media based on conventional trajectory filtration 
model.  The role of water content, matric potential, and hydraulic loading rates was investigated 
in this study.  The parameter of the van Genuchten model was determined by fitting the 
gravimetrically determined relationship between unsaturated hydraulic conductivity and water 
content.  The applicability of the parameters obtained was verified by fitting the water retention 
curve to van Genuchten equation to determine the relationship between unsaturated hydraulic 
conductivity.  The water content profiles, water film thickness, water film velocity and particle 
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velocity were determined as a function of column depth.  By introducing a dimensionless surface 
tension number, a widely used saturated filtration trajectory model was successfully modified for 
application under variably saturated flow conditions.  The effectiveness of the trajectory model 
was verified by examination with respect to experimental data. 
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CHAPTER 2.  




Rainfall-runoff impacted by anthropogenic activities transports significant quantities of 
particulate, aqueous and complexed constituents.  These diffuse, unsteady and stochastic event-
based loadings are unique challenges for water quality (concentration, mass) and quantity control 
(volume, peak flow).  While many infiltration/exfiltration structural Best Management Practices 
(BMPs) are implemented, few in-situ data sets are examined for actual events and temporal-
based BMP behavior, in part due to costs of such examinations.  Few studies provided a 
statistical and mechanistic interpretation for event-based BMP performance.  The design, water 
quality and quantity functions of a partial exfiltration reactor (PER) utilizing Fe-coated sand is 
examined specifically across three representative rainfall-runoff events over a 10-month period.  
Reduction of total concentrations for metals (Zn, Pb, Cu and Cd), ranged from 24 to 93 %, while 
total mass reductions ranged from 57 to 98 % due to exfiltration.  Reduction in suspended solids 
concentrations (TSS) ranged from 23 to 86 % while reduction in total mass ranged from 69 to 96 
%.  Chemical oxygen demand (COD) concentrations reductions ranged from 37 to 70 %.  Storm 
water volume reductions ranged from 55 to 70 % through variably saturated exfiltration to 
surrounding clayey glacial till soils (Ksat = 10-6-cm/s), while peak flow reductions ranged from 
36 to 85 %.  Results of statistical analysis indicate that a passive downflow PER is capable of 
functioning as an in-situ water quality and quantity control BMP for rainfall-runoff.  Results 
indicate that as structural BMPs and non-structural (source control) are implemented, 
monitoring, examination and understanding of BMP performance is critical to achieve both 
quantity and quality goals.    
                                                 
* Reprint by permission of ASCE “Journal of Environmental Engineering” 
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INTRODUCTION 
Storm water runoff from urban areas transports significant event and annual loads of 
metal elements and a wide gradation of particulate matter to receiving waters (Hamilton and 
Harrison 1991).  These anthropogenic diffuse loadings and impacts from urban and 
transportation land use storm water to receiving waters and surficial soils have received 
increasing attention in the USA over the last decade as a result of a better understanding of storm 
water.  Recent regulations such as National Pollutant Discharge Elimination (NPDES) Phase II 
and Total Maximum Daily Loads (TMDLs) have helped focus attention on storm water.  
Degradation of the physical and chemical characteristics of storm water are, to a very significant 
degree, related to the hydrologic modifications by impervious surfaces and anthropogenic 
influences such as transportation and infrastructure impacting the hydrologic and water 
chemistry of storm water.  Over the last decade there has been increasing application of in-situ 
at-grade or below-grade structural controls by which storm water has been introduced to various 
degrees into surficial soils, through the use of engineered systems for both water quality and 
quantity enhancement.  Many regulators, design professionals and municipalities are designing 
such infiltration BMPs but have lacked the documentation as to how such BMPs perform subject 
to real loadings.  Few studies have incorporated statistical analysis methods to deal with the 
stochastic nature of storm events (Strecker et al. 2001).   
Water Quality Issues 
Primary sources of anthropogenic constituents in urban rainfall-runoff may be attributed 
to traffic, specifically, pavement-tire interaction and abrasion, abrasion of brake linings, leakage 
of oil, gas and lubricants, maintenance practices including deicing, and also littering (Armstrong 
1994, Ball et al. 1991, Field et al. 1974, Irish et al. 1995, Lygren et al. 1984, Muschack 1990, 
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Tong 1990, Sansalone et al. 1998, Revitt et al. 1990).  For a given urban area, from urban 
interstate highway pavement alone, annual heavy metal, suspended solids (TSS), chemical 
oxygen demand (COD) loadings and storm water flows have been shown to equal or exceed 
annual loadings and flows from untreated domestic wastewater for same urban area (Sansalone 
et al. 1998, Klein et al. 1974).  Table 2.1 compares water quality characteristics from a number 
of transportation land use sites in the USA for rainfall runoff. 
Table 2.1 Summary of Storm Water Quality Data for 3 Urban Highway Sites. 
 
Denver1                                     
(I-25) (1976-77) 
Milwaukee1                           
(I-94) (1978-80) 
Cincinnati2                          
(I-75) (1995-97) Parameters Unit 
mean3 Range mean3 range mean3 range 
TS [mg/L] 738 295-1585 527 90-3430 290 93-592 
TSS [mg/L] 469 171-1185 205 17-1860 130.7 72-259 
VSS [mg/L] 109 10-240 62 15-298 41.6 14-88 
CODtotal4 [mg/L] 352 119-665 152 46-660 230 115-332 
Zntotal [µg/L] 748 330-1500 576 210-2900 4274 459-15200 
Cdtotal [µg/L] 25 10-80 16 5-40 7 5-11 
Cutotal [µg/L] 145 10-260 179 50-520 135 43-325 
Crtotal [µg/L] 32 10-60 36 5-180 21 14-35 
Nitotal [µg/L]     43 9-91 
Pbtotal [µg/L] 810 300-1800 1268 100-6200 64 31-97 
Number of 
Events   16 107 13 
1.FHWA, 1981 (Snow melt events excluded)       
2. Rainfall runoff data only (Snow melt events excluded) Sansalone and Buchberger 1997, 
Sansalone et al. 1998 
3. Site mean concentrations (SMC)      
4. Total = dissolved + particulate fractions         
  
Surface/Subsurface Water Quantity Issues 
Our constructed urban and transportation land use environments are designed for rapid 
and efficient transport of rainfall-runoff.  The highly impervious nature, relative lack of 
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roughness and reduced hydraulic resistance of our urban pavement and surface/subsurface 
drainage systems has resulted in increased urban storm water peak flows, increased flow 
volumes and reduced lag time, promoting effective transport of particulate and dissolved 
contaminants generated by our urban activities.  When the urban surface is loaded by a 
hydrologic event, even a complex, high intensity, high volume runoff event, the transport of 
contaminant mass is directly coupled to the hydrology and hydraulics of the urban surface 
(Sansalone et al. 1998, Singh 1997).  If one had to describe what single attribute or index of the 
built urban and highway environment contributes significantly to modification of both water 
quality and quantity, it would be degree of imperviousness.  Data from 47 small urban 
watersheds across the USA indicate that an approximately linear relationship exists when the 
volume-based runoff coefficient (“C”) is regressed against watershed imperviousness (Schueler 
1987).  Compared to the hydrograph from the pre-developed natural environment, the urban 
pavement runoff hydrograph from the same drainage area has the following characteristic 
modifications: (1) a greater peak discharge, (2) increased runoff volume, and (3) a decreased 
time to peak or lag time (Malcom 1989).  The selection and design of BMPs, as in-situ 
treatments, is directly impacted by site-specific hydrologic and hydraulic modifications of 
impervious surfaces, existing infrastructure and land-use conditions, local climate conditions, as 
well as local anthropogenic loading conditions.  
OBJECTIVES 
While many structural BMPs or controls have been designed and implemented the in-situ 
behavior of such controls subject to actual unsteady hydrologic loadings is rarely examined.   
This study was motivated, in part, to quantify and document the behavior of an in-situ partial 
exfiltration reactor (PER) subject to actual storm water loadings.  There were three objectives in 
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Part I of this study.  The first objective was to illustrate the design of the PER as an in-situ BMP 
based on knowledge of storm water loadings, the use of engineered sand media, and site 
conditions.  The second objective of the study was to demonstrate the water quality function of a 
PER as a passive in-situ control for commonly found constituents in transportation land use 
runoff.  These constituents include aggregate water quality indices such as suspended solids and 
COD as well as dissolved and particulate fractions of metal elements typically transported in 
storm water.  The statistically significant minimum removal performance for each of the three 
rainfall runoff events was examined for constituent mass and concentration as part of this 
objective.  The third objective of Part I of this study was to demonstrate the water quantity 
function of the PER in a clayey glacial till soil of low hydraulic conductivity.  A final objective 
was the evaluation of media leaching characteristics through TCLP analysis for PER oxide-
coated sand media subject to 5-years of in-situ transportation land use runoff loadings.  
BACKGROUND 
Since passage of the 1972 Clean Water Act, storm water nonpoint pollution has advanced 
from being a problem that was understood only well enough to realize the difficulties associated 
with application of conventional treatment process design, to now becoming our most significant 
water control challenge.  Since the NPDES Storm Water Phase I permitting regulations in the 
1980s there has been a proliferation of suggested storm water structural BMPs.  However, 
experience over the last decade has demonstrated that there continues to be a significant gap in 
knowledge between such BMP design/analysis, and examination of the unit operations/processes 
and in-situ treatment behavior that can demonstrate viability as a function of the physical and 
chemical characteristics of storm water loadings.  Such knowledge is critical to the success of a 
new generation of storm water treatment systems that will develop in response to the new 
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February 2000 Phase II Storm Water Final Rule (40 CFR § 122.33).  This knowledge will 
require identification of treatment mechanisms, metal element partitioning, physico-chemical 
characteristics of transported particulate matter, management of residuals separated through 
treatment operations and leaching of exhausted BMP media.  However, very few monitoring and 
pilot scale studies of control strategies or BMPs have been carried out that examine the behavior 
of these treatments when subjected to actual urban hydrologic loadings.   
 The objective of any effective control strategy (source control included) for urban and 
transportation land use constituent is to contain a diffuse, relatively mobile water constituent before 
it exerts a toxicity impact on aquatic, terrestrial, animal or human life.  For both metal elements and 
a significant fraction of particulate material that are not degraded, these in-situ structural controls or 
BMPs are essentially repositories.  While the role of a BMP as a concentrated repository is easily 
understood, this role is all too often forgotten for design and operation of BMPs.   As such, these 
controls or BMPs must be emptied and cleaned periodically.   
Structural Infiltration BMPs 
 There are a wide variety of infiltration-type BMPs that range from specific strategies such as 
porous pavement, infiltration trenches and infiltration basins to combinations of these strategies.  
Each of these infiltration control strategies will have differing degrees of effectiveness for specific 
constituents and differing suitability constraints for a given application (Geldof et al. 1994; 
Colandini et al. 1995, Colandini 1999; Field et al. 1982, Price and Yonge 1995). Swedish 
researchers have shown that asphaltic porous pavement, a type of infiltration BMP, effectively 
removes constituents in highway runoff.  A Swedish porous pavement system, known as the 
Swedish Unit Superstructure, was developed as both a water quantity and quality control BMP 
(Niemczynowicz 1989).  Simulations using 30 years of exposure to "storm water rain" indicated the 
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Unit Superstructure performed effectively for control of suspended solids and metal elements.  
Experimental simulations produced negligible clogging and these results were confirmed during 
prototype tests of the Swedish Unit Superstructure (Niemczynowicz 1989). 
 Another infiltration BMP, a PER serves as a structural water quality and quantity control 
alternative to the current practice of underdrain installation along urban paved surfaces.  The PER 
design is similar to that of many infiltration-exfiltration trench systems in common use as BMPs.  
Primary differences between the PER and other infiltration BMPs are: (1) Cementitious porous 
pavement (CPP) at the PER surface, (2) Engineered media or oxide-coated sand (OCS) backfill 
below the CPP to enhance sorption and filtration (Liu et al. 2001), and (3) Geometric considerations 
so that PER design is incorporated into existing infrastructure and transportation land uses.   
The Partial Exfiltration Reactor (PER) 
 A schematic of a PER, as examined for this study, is shown in Figures 2.1 and 2.2.  BMPs, 
such as an in-situ PER combine unit operations and processes of adsorption, filtration and partial 
exfiltration offer several advantages when compared to other control strategies.  The narrow width 
of a PER allows installation or retrofit along the edge of a paved berm or where sheet flow 
conditions and pavement geometry suggest the use of such a system.  These devices are ideally 
suited to intercept long duration rainfall events and the “concentration first-flush" from the 
pavement. A PER can intercept subgrade interflow, which is significant for deteriorated pavement 
or roadways with unsealed joints (Jeffcoat et al. 1992).  In addition to functioning as a water quality 
device, the PER should be capable of runoff volume reduction, peak flow reduction and lag time 
attenuation (Li et al. 1999).  The functions of the PER components are illustrated in Figure 2.3.  
Design considerations and construction of the prototype PER are summarized herein. 
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Figure 2.2.  Section along in-situ PER  
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 PER components  
Function Porous pavm. OCS geosynthetics underdrain soil 
Infiltration      
pH elevation      
Straining surficial solids      
Structural capacity      
Sorbing dissolved metals      
Filtering infiltrated solids      
Straining infiltrated solids      
Underdrainage      
Exfiltration      
Figure 2.3 Specific Functions of PER Components. 
DESIGN CONSIDERATIONS 
PER Infiltration Capacity  
 In order to provide sufficient infiltration capacity, CPP was developed as an infiltration 
surface for the PER.  The CPP was designed to have the hydraulic capacity to infiltrate 49.2 
L/min-m2 (15 L/min-m for a 0.305-m wide PER trench) unless some amount of sheet flow by-
pass over the CPP may be tolerated.  For all events examined herein, no by-pass occurred.  This 
hydraulic capacity is typical of moderate intensity rainfall-runoff hydrograph peaks (peak of 2-
year return event for the site).  
PER Surficial Straining by CPP 
There are two components of the PER that are critical for the control of solids.  The first 
component is the CPP functioning as initial control preventing solids from entering the PER.  
Solids in runoff have a wide particle size distribution (PSD) ranging in size from less than 1-µm 
to greater than 10,000-µm at urban and highway sites (Sansalone et al. 1998).  The PER was not 
designed to function as a depth filter for these solids and as a passive in-situ BMP the PER is not 
easily backwashed.  This design consideration requires that particulate material be strained at the 
surface where it can be easily removed.   
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 The CPP block functions as a rigid surface finish, allows the infiltration of runoff and acts as 
a straining layer for the surficial trapping of solids.  Issues associated with straining and the 
characteristics of strained material are examined in Chapter 3.  The CPP is a critical element of the 
PER for both the media effectiveness and maintenance aspects of the control strategy.  Suspended 
solids trapped on and in the CPP can be easily removed with modified street cleaning techniques 
such as water spray injection and subsequent vacuuming (Niemczynowicz 1989).  Experience 
indicates that clogging of porous pavements is minimal if maintained, and loss of infiltration 
capacity is readily restored through surficial cleaning (Niemczynowicz 1989).   
 A geotextile layer at the CPP-OCS media interface is used to trap these solids that pass 
through the CPP.  The geotextile utilized for the prototype PER was a nonwoven spun-bonded 
polypropylene with a mass per unit area of 120-g/m2 having a permittivity of 0.7-seconds-1 and a 
saturated hydraulic conductivity (Ksat.) of 0.03-cm/second.  
Structural Capacity 
Although the PER is typically (but not necessarily) located outside the traveled 
pavement, it will experience occasional wheel loads.  The CPP and media must be designed to 
transfer wheel loads to surrounding soil without excessive vertical or horizontal deformation, or 
structural distress.  The CPP was designed with a nominal unconfined compressive strength of 
35000-kPa. 
PER Metal Element Capacity Design Considerations 
The engineered media component (OCS) of the PER has two functions, one to provide 
sorption for dissolved metal elements, and another to filter fine particulates and particulate-
bound metal elements.  The design life of a PER in terms of metal element capacity is primarily 
dependent on the performance of the engineered granular media for adsorption and filtration.  
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Bench scale column experiments using spiked storm water from the experimental site were 
employed to evaluate metal element capacity for the media and develop PER design capacity 
(Sansalone 1999).   
Metal elements that have been removed by the PER media can lead to a concern 
regarding their long term retention for disposal, since adsorbed metals can be easily released into 
solution by many mechanisms such as extraction and ion exchange.  The potential for 
containment of metal elements is necessary for the wide application of the PER.  Therefore, 
leaching tests under acidic condition are often required.  Toxic characteristics leaching procedure 
(TCLP) has been widely applied to evaluate the potential of contaminants leaching from solid 
wastes (Miller et al. 2000, Musson et al. 2000, Wei et al. 2001).   
PER Underdrain Design Considerations 
The underdrain is intended to function as a primary conveyance for infiltrated runoff not 
exfiltrated from the PER.  The underdrain is a continuous, perforated pipe, typically 76-mm in 
diameter and located at the longitudinal invert of the PER.  The underdrain capacity can be based 
on a worst-case assumption of minimal native soil exfiltration, allowing the underdrain to convey 
all infiltrated flow to drainage structures or surface discharge. 
Construction of the Prototype PER 
The prototype PER was installed immediately north and directly adjacent to an existing 
experimental runoff sampling facility (Sansalone et al. 1997, 1998).  The existing experimental 
facility was used to establish influent water quality parameters for influent storm water loadings 
before infiltration through the PER.  The 15-m long PER was constructed in two 7.5-m long 
halves, designated North PER and South PER.  The South PER was lined with the geotextile 
material described so exfiltration to surrounding soil could occur.  The South PER is the focus of 
25 
this study.  The North PER was lined with a solid polyethylene geomembrane 2-mm in 
thickness, eliminating exfiltration and was therefore used to carry out water balances.  An 
unintended consequence of the use of this geomembrane was that the North PER eventually 
developed anaerobic conditions, and while the North PER performed its role for a water balance, 
the Fe-coating was partially reduced (Fe3+ è Fe2+) and put into solution.   
 The prototype PER was constructed at the experimental site using 7000-kg of iron oxide 
coated sand (OCS).  The traveled pavement/shoulder interface was saw cut to install the CPP that 
was placed against and at the same elevation as the pavement edge.  Once the pavement was cut, 
the 0.305-m wide trenches for the two 7.5-m long PERs were excavated with the front face of the 
vertical trench excavation located 0.30-m behind the paved shoulder edge.  The invert of each 
trench was sloped longitudinally towards the center of the PER from 450-mm to 600-mm depth 
below the CPP/media interface across the 7.5-m length.  A geotextile filter wrapped underdrain 
was then installed in each trench, attached to a PVC outlet pipe with a watertight seal.  The PVC 
pipes were sloped at 2% to north and south 610-mm x 610-mm x 460-mm deep polypropylene 
stilling basins, each with a 0.64-mm aluminum rectangular sharp-crested weir. 
METHODOLOGY 
 In late summer of 1996 the prototype PER was constructed at the experimental site located 
on southbound Inter State 75 (I-75) at mile-marker 2.1, immediately to the north of the storm water 
influent collection and sampling facility, after bench scale testing of the PER had been completed.  
The experimental facility and PER were designed to intercept lateral pavement sheet flow (qsf) from 
across the four lanes, exit lane and shoulder.  Both of the directly adjacent 20-m x 15-m pavement 
sections were not curbed, and drained to the PER with a lateral slope of 0.02-m/m.  Since the 
catchment lies in a flat vertical sag (0.004-m/m), there was no concentrated longitudinal pavement 
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flow, nor were there flows from outside the asphalt pavement catchment area.  A schematic plan 
view of the site is shown in Figure 2.4.  Details on the site and local climate are provided elsewhere 
(Sansalone et al. 1997, Sansalone et al. 1998).  By September of 1996 the PER was operational and 




















Figure 2.4 Plan view of I-75 experimental site illustrating 15-m collection and PER systems 
Sampling and Hydrologic Data Collection 
 Storm water influent to the PER was sampled directly at the edge of the pavement from the 
adjacent 15-m x 20-m instrumented area.  Samples and replicate samples of the entire cross-section 
of flow were obtained, typically at two-minute intervals with polypropylene bottles for the first 50-
minutes and thereafter at intervals ranging from 10 to 30-minutes.  PER effluent samples and weir 
measurements for effluent flow were obtained at regular intervals for the duration of PER 
discharges.  Sampling and instrumentation details are provided elsewhere (Sansalone and 
Buchberger 1997, Sansalone et al. 1998).  Detailed hydrologic, water quality and PER treatment 
data were collected during three rainfall-runoff events over a 10-month period.   
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Metal Element Fractionation and Characterization Indices 
 The operationally dissolved fraction is defined as the metal element mass of an un-acidified 
sample that passes through a 0.45-micrometer membrane filter with the particulate-bound fraction 
defined as that retained on the membrane (“Standard” 1992).  Once filtered, each 50-ml dissolved 
fraction of a sample was acidified with 2.5-ml of trace-metal HNO3 within six hours of sampling.  
The particulate-bound metal element fraction, retained on the membrane filter, was subsequently 
digested using a microwave-assisted procedure based on SW-846 Method 3015 (USEPA 1990).  
Metal element analyses were conducted using an Inductively Coupled Plasma Spectrometer 
employing four-point standard calibration prior to analysis of samples.  Analytical controls were 
maintained throughout including the use of control and blank samples, mass balance checks and 
standard solution quantity checks every 10 samples. 
 Since the concentration of metal elements and solids transported in rainfall runoff can 
vary by orders of magnitude during a storm event, a single index, designated an event mean 
concentration (EMC) is often used to characterize concentrations (Huber 1993).  EMCs represent 
a event-based flow average concentration for the inflow and outflow of the PER for a 















0       (2.1)  
where,  M = total mass of a constituent over entire event duration   (M) 
 V = total volume of flow over entire event duration   (L3) 
 C  = flow weighted average concentration for entire event  (M/L3) 
 c(t) = time variable solid or dissolved fraction    (M/L3) 
 q(t) = time variable flow       (L3/T) 
 tr = duration of the event      (T) 
 t = time         (T). 
To measure the performance of the in-situ prototype PER, removal efficiency based on PER 
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influent and effluent mass and concentration were computed for each event and constituent 
characterized.  Removal efficiency is defined as follows for mass. 












    (2.2) 
In (2), β is the removal efficiency (%), Min is influent mass (µg or mg) and Mout is the effluent 
mass (µg or mg).  Toxic characteristics leaching procedure (TCLP) was carried out as described 
in USEPA (1996).  Duplication of 12 OCS samples taken from different part of PER were 
separately analyzed using TCLP.  To determine the appropriate extraction fluid for the TCLP 
test, a preliminary test was performed to measure the pH of OCS samples.   
Statistical Analysis 
Event-based PER performance was expressed in terms of constituent concentration and also 
total mass.  Statistical analyses were employed to determine the minimum removal level, based on 
either concentration or total mass.  A minimal removal level was defined as the lower limit to which 
actual removal was statistically greater (reject the hypothesis that there is no difference) at a 95% 
confidence level.  The Mann-Whitney method was also employed to evaluate the significance of 
differences between influent and effluent for each event. 
RESULTS 
OCS Media Properties 
Nearly all in-situ storm water filters such as exfiltration or filtration trenches are designed 
with plain (uncoated) media, typically of inert material such as silica sand.  Specific surface area 
(SSA) of such media is typically less than 0.1-m2/g and previous research has demonstrated the 
lack of sorptive capacity of such media for constituents such as heavy metals (Sansalone 1999).  
Measured results of OCS surface characteristics include a significant increase in SSA using a 
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thin coating (20 – 200 µm) of iron oxide (mainly FeOOH and Fe2O3).  This thin coating results 
in an amphoteric surface with a measured SSA that ranged from 5 to 15-m2/g.  This provided an 
increase in surface area of two orders of magnitude for a given volume of PER compared to plain 
sand with statistical significance (P < 0.01, n = 3).  In addition, since the OCS surface is 
amphoteric, storm water pH control resulting in a pH greater than the point of zero charge of the 
OCS coating will yield a net negative surface charge for the surface complexation of cationic 
metal elements in storm water.  Compared to other suggested storm water media (granular 
activated carbon, or composite organic media, oxide coated media such as iron OCS (or other 
oxide coatings on sand, cementitious substrates or gravel) is capable of developing significant 
shear and compressive strength when subject to a confining stress such as a wheel load.   
25 November 1996 Storm Event 
The influent runoff (215-L) generated from the instrumented watershed surface by this 
event was completely infiltrated and partially exfiltrated or stored in the PER as moisture that 
remained in the PER through surface tension, wetting and capillary forces with 63-L of effluent 
discharged from the PER.  Of the three events examined this event was intermediate to the low 
intensity 16 December 1996 event and high intensity 12 June 1997 event.  The behavior of the 
PER to this rainfall-runoff event for hydrologic parameters, TSS and COD is summarized in 
Figure 2.5.  The PER attenuated peak flow, volume and water quality parameters as illustrated in 
Figure 2.5, quantified in Table 2.2 (for mass) and Table 2.3 (for concentration) in addition to 
attenuating the timing of the discharge hydrograph from the PER.  With respect to the hydrologic 
statistics, the influent volume breakthrough time was measured as 10.0-minutes, and the mean 
residence time in the PER for this event was 8.0-minutes.  The 150-minute rainfall on the 300-m2 
pavement area upstream of the PER produced an event-based volumetric runoff coefficient of 
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0.23.  The high amount of abstraction was due to the highest ratio of vehicles/runoff volume (47 
vehicles/L of runoff) for all three events and the lower intensity of rainfall (Sansalone et al. 
1998).  For gross water quality indices, concentrations as EMCs of TSS were reduced from over 
200-mg/L to approximately 50-mg/L, while the EMC of total COD was reduced from over 332-
mg/L to approximately 145-mg/L.  The CPP comprising the PER surface was capable of raising 
the influent alkalinity from approximately 50-mg/L to 80-mg/L while also raising the effluent pH 
to approximately 8.5, above the pzc of the OCS. 
The role of the CPP and OCS in removal of dissolved heavy metals through precipitation 
and surface complexation is illustrated in Figure 2.6 with mass changes summarized in Table 2.2 
and concentration changes summarized in Table 2.3.  All influent dissolved concentrations of 
Table 2.2 Total Mass of Constituents in Influent and Effluent for 25 Nov. 1996 Rainfall Event. 
 
Dissolved fraction Particulate fraction 
Index Unit 
Influent fd Effluent fd 
∆mass   
(%) Influent fp Effluent fp 
∆mass   
(%) 
TS [mg] 47460 0.54 20946 0.90 55.9 39726 0.46 2399 0.10 94.0 
VS [mg] 8368 0.40 2116 0.78 74.7 12580 0.60 598 0.22 95.2 
CODtotal [mg] - - - - - 64455.1 - 6813 -  89.4 
Zn [µg] 141356 0.87 1852 0.50 98.7 21128 0.13 1841 0.50 91.3 
Cd [µg] 446 0.85 47 0.83 89.5 78 0.15 9 0.17 87.9 
Pb [µg] 2832 0.64 385 0.73 86.4 1610 0.36 146 0.27 91.0 
Ni [µg] 6280 0.88 465 0.76 92.6 847 0.12 144 0.24 83.1 
Mn [µg] 17014 0.81 226 0.53 98.7 3938 0.19 197 0.47 95.0 
Fe [µg] 29999 0.14 4724 0.20 84.3 188356 0.86 18493 0.80 90.2 
Mg [µg] 314629 0.64 77254 0.80 75.4 180439 0.36 18885 0.20 89.5 
Ca [µg] 3029776 0.81 554906 0.88 81.7 693725 0.19 72775 0.12 89.5 
Cu [µg] 7605 0.75 784 0.68 89.7 2512 0.25 366 0.32 85.4 
Influent Volume = 194 L  Effluent Volume = 47 L     ∆ Volume =147 L   
Influent Peak Flow = 9.15 L/min Effluent Peak Flow = 1.77L/min ∆ Peak Flow = 7.38 L/min 
TS = TDS+TSS   VS = VDS+VSS             
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metal elements were reduced (ignoring Mg and Ca generated from the CPP).  Table 2.2 also 
indicates the operationally dissolved (fd) and particulate (fp) fractions of the influent and effluent.  
These results indicate that except for Fe, the predominance of metal element mass is dissolved in 
the influent to the PER.  Table 2.2 indicates that due, in part, to the high degree of exfiltration the 
reduction of mass in the influent for both the dissolved and particulate fractions of metals was 
high, typically greater than 80 %.  Removal of particulate-bound metals as a function of time is 
illustrated in Figure 2.7.  Except for Zn each fraction of Pb, Cd, and Cu was reduced to 
approximately 10-µg/L or less as an EMC.   
Dissolved Fraction Particulate Bound Fraction 
Index Unit 
Influent Effluent Removal Rate      (%) Influent Effluent 
Removal Rate      
(%) 
TS [mg/L] 244.5 445.3 -82.2 204.6 51.0 75.1 
VS [mg/L] 43.1 45.0 -4.4 64.8 12.7 80.4 
CODtotal [mg/L] - - - 332 145 56.3 
Zn [µg/L] 728.6 39.4 94.6 108.9 39.2 64.0 
Cd [µg/L] 2.3 1.0 56.5 0.4 0.2 50.0 
Pb [µg/L] 14.6 8.2 43.8 8.3 3.1 62.7 
Ni [µg/L] 32.4 9.9 69.4 4.4 3.1 30.0 
Mn [µg/L] 87.7 4.8 94.5 20.3 4.2 79.3 
Fe [µg/L] 154.6 100.5 35.0 970.9 393.5 59.5 
Mg [µg/L] 1621.8 1643.7 -1.4 930.1 401.8 56.8 
Ca [µg/L] 15617.4 11806.5 24.4 3575.9 1548.4 56.7 
Cu [µg/L] 39.2 16.7 57.4 12.9 7.8 39.8 
 TS = TDS + TSS 
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Figure 2.6 Hydrology and dissolved metal elements removal by the PER for 25 November 1996 
rainfall runoff event 
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Figure 2.7 Hydrology and particulate metal elements removal by the PER for 25 November 1996 





































































































































16 December 1996 Storm Event 
As with the 16 November 1996 event, the influent runoff (268-L) generated by this event 
was completely infiltrated and partially exfiltrated with 121-L of effluent discharged from the 
PER.  Of the three events examined this event was the lowest intensity, longest duration event.  
With respect to the hydrograph statistics, the influent volume breakthrough time was measured 
as 14.0-minutes and the mean residence time in the PER for this event was 15.0-minutes.  The 
340-minute rainfall of low intensity on the 300-m2 pavement area upstream of the PER produced 
an event-based volumetric runoff coefficient of 0.26.  The high amount of abstraction was due to 
a high ratio of vehicles/runoff volume (33.3 vehicles/L of runoff) and the lowest intensity of the 
rainfall for all events.  The behavior of the PER to this rainfall-runoff event for hydrologic 
quantities TSS and COD is summarized in Figure 2.8.  The PER attenuated peak flow, volume 
and water quality parameters, as illustrated in Figure 2.8 and quantified in Table 2.4 (for mass) 
and Table 2.5 (for concentration), in addition to attenuating the timing of the discharge 
hydrograph from the PER.  For gross water quality indices, concentrations as EMCs of TSS were 
reduced from over 141-mg/L to approximately 20-mg/L, while the EMC of total COD was 
reduced from approximately 240-mg/L to approximately 70-mg/L.  Despite the lower influent 
concentrations for TSS and COD in comparison to the 25 November 1996 event, effluent 
concentrations were lower, possibly in part due to lower flow rates and longer PER residence 
times, as can be seen from the hydrology in Figure 2.8.  The 9-cm of CPP comprising the PER 
surface was capable of raising the influent alkalinity from approximately 40-mg/L to 80-mg/L, 
while at the same time also raising the effluent pH to approximately 8.5, above the PZC of the 


























































































































































Table 2.4 Total Mass of Constituents in Influent and Effluent for 16 Dec. 1996 Rainfall Event. 
 
Dissolved fraction Particulate fraction 
Index Unit 
Influent fd Effluent fd 
∆mass   
(%) Influent fp Effluent fp 
∆mass   
(%) 
TS [mg] 59558 0.61 27178 0.94 54.4 37860 0.39 1601 0.06 95.8 
VS [mg] 11143 0.47 5063 0.89 54.6 12707 0.53 634 0.11 95.0 
CODtotal [mg] - - - - - 63993 - 5901 - 90.8 
Zn [µg] 197373 0.89 3190 0.53 98.4 24927 0.11 2885 0.47 88.4 
Cd [µg] 180 0.80 38 0.88 78.7 46 0.20 5 0.12 88.3 
Pb [µg] 10588 0.78 3391 0.90 68.0 2960 0.22 370 0.10 87.5 
Ni [µg] 2887 0.79 281 0.73 90.3 790 0.21 103 0.27 87.0 
Mn [µg] 18662 0.81 119 0.34 99.4 4290 0.19 234 0.66 94.6 
Fe [µg] 25208 0.12 3393 0.22 86.5 180235 0.88 12123 0.78 93.3 
Mg [µg] 446460 0.66 176364 0.85 60.5 226936 0.34 31073 0.15 86.3 
Ca [µg] 4475347 0.83 1414647 0.91 68.4 889593 0.17 138375 0.09 84.4 
Cu [µg] 6643 0.70 896 0.74 86.5 2891 0.30 308 0.26 89.3 
Influent Volume = 257 L  Effluent Volume = 82 L       ∆ Volume =175 L   
Influent Peak Flow = 3.54 L/min Effluent Peak Flow = 1.77L/min ∆ Peak Flow = 2.27 L/min 
TS = TDS+TSS VS = VDS+VSS               
 
The role of the CPP and OCS in removal of dissolved heavy metals through precipitation 
and surface complexation is illustrated in Figure 2.9, with mass changes summarized in Table 
2.4 and concentration changes summarized in Table 2.5.  All influent dissolved concentrations of 
metal elements were reduced (ignoring Mg and Ca generated from the CPP).  Table 2.4 also 
indicates the operationally dissolved (fd) and particulate (fp) fractions of the influent and effluent, 
similar in value to those of 25 November 1996 event for each metal respectively, indicating that 
except for Fe, the predominance of metal element mass is dissolved in the influent to the PER.  
Table 2.4 indicates that due, in part to the high degree of exfiltration the reduction of mass in the 
influent for both the dissolved and particulate fractions of metals is higher than the reductions in 
concentration summarized in Table 2.5.  Removal of particulate-bound metals as a function of 
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time is illustrated in Figure 2.10.  Except for both Zn fractions, each fraction of Pb, Cd, and Cu 
was reduced to approximately 10-µg/L or less on an EMC basis. 
12 June 1997 Storm Event 
The influent runoff (464-L) generated by this event was completely infiltrated and 
partially exfiltrated with 181-L of effluent discharged from the PER.  Of the three events 
examined, this event was the highest intensity, highest runoff volume, and shortest duration 
event.  The 20-minute rainfall produced 610-L of rainfall volume to the 300-m2 pavement area 
upstream of the PER that generated 464-L of influent runoff with an event-based volumetric 
runoff coefficient of 0.76.  The peak of the PER influent hydrograph was reduced from 
approximately 77-L/minute (17.1-L/minute-linear meter of PER), with a PER effluent peak at the 
Table 2.5 Constituent Event Mean Concentrations of Influent and Effluent for 16 Dec. 1996 
Rainfall Event.  
 








Rate       
(%) 
TS [mg/L] 231.5 332.9 -43.8 147.2 19.6 86.7 
VS [mg/L] 43.3 62.0 -43.1 49.4 7.8 84.3 
CODtotal [mg/L] - - - 238.5 72 69.7 
Zn [µg/L] 768.0 38.9 94.9 97.0 35.2 63.7 
Cd [µg/L] 0.7 0.5 33.2 0.2 0.1 63.4 
Pb [µg/L] 41.2 41.0 0.4 11.5 4.5 60.9 
Ni [µg/L] 11.2 3.4 69.5 3.1 1.3 59.3 
Mn [µg/L] 72.6 1.5 98.0 16.7 2.8 82.9 
Fe [µg/L] 98.1 41.4 57.8 701.3 147.8 78.9 
Mg [µg/L] 1737.2 2150.8 -23.8 883.0 378.9 57.1 
Ca [µg/L] 17413.8 17251.8 0.9 3461.5 1687.5 51.2 
Cu [µg/L] 25.8 10.9 57.7 11.2 3.8 66.6 




Figure 2.9 Hydrology and dissolved metal elements removal by the PER for 16 December 1996 


































































































































Figure 2.10 Hydrology and particulate metal elements removal by the PER for 16 December 



































































































































underdrain that remained under 12-L/minute (2.5 L/minute per linear meter of PER).  With 
respect to the hydrologic statistics, the influent volume breakthrough time was measured as 14.0-
minutes, and the mean residence time in the PER for this event was 13.9-minutes, significantly 
shorter than the other two events examined.  There were 90 previous dry hours, making all three 
events similar in terms of previous dry hours.  The low amount of abstraction (compared to the 
other two events) was due to the lowest ratio of vehicles/runoff volume (1.3 vehicles/L of 
runoff), the shortest rainfall duration and highest rainfall intensity.   
The behavior of the PER for this rainfall-runoff event, hydrologic parameters, TSS and 
COD are summarized in Figure 2.11.  Hydrologically, the PER significantly attenuated the peak 
flow and volume for this higher intensity event, as illustrated in Figure 2.11, and in addition, it 
attenuated the peak of the PER discharge hydrograph.  The functioning of the PER for water 
quality indices is quantified in Table 2.6 (for mass) and Table 2.7 (for concentration).  For gross 
water quality indices, concentrations as EMCs of TSS were reduced from approximately 72-
mg/L to approximately 55-mg/L, while the EMC of total COD was reduced from over 192-mg/L 
to approximately 121-mg/L.  Of all the events, this event was the simplest hydrologically, 
exhibiting a single well-defined hydrograph.  Except for the final influent water quality data 
measurements for all parameters in Figure 2.11 and 2.12, most water quality parameters exhibit a 
first order type of exponential washoff-off with respect to concentration across the falling limb of 
the hydrograph. The CPP comprising the PER surface was capable of significantly raising the 
influent alkalinity while at the same time also raising the effluent pH to approximately 8.0 from 
an influent pH of less than 7. 
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Figure 2.11 Hydrology and water quality control by PER for 12 June 1997 rainfall runoff event 
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Table 2.6 Total Mass of Constituents in Influent and Effluent for 12 June 1997 Rainfall Event. 
 
Dissolved fraction Particulate fraction 
Index Unit 
Influent fd Effluent fd 
∆mass   
(%) Influent fp Effluent fp 
∆mass   
(%) 
TS [mg] 60918 0.65 39692 0.86 34.8 33253 0.35 6299 0.14 81.1 
VS [mg] 27034 0.64 9942 0.72 63.2 15225 0.36 3786 0.28 75.1 
CODtotal [mg] - - - - - 89159 - 23288 - 73.9 
Zn [µg] 291624 0.97 9175 0.78 96.9 9651 0.03 2526 0.22 73.8 
Cd [µg] 1160 0.93 134 0.88 88.4 93 0.07 19 0.13 79.3 
Pb [µg] 2459 0.75 710 0.86 71.1 835 0.25 115 0.14 86.2 
Ni [µg] 10022 0.92 1352 0.85 86.5 835 0.08 244 0.15 70.8 
Mn [µg] 67280 0.97 730 0.61 98.9 2320 0.03 461 0.39 80.1 
Fe [µg] 52942 0.30 9503 0.15 82.0 122682 0.70 54652 0.85 55.5 
Mg [µg] 734883 0.89 408269 0.97 44.4 87603 0.11 14438 0.03 83.5 
Ca [µg] 8019683 0.96 4775712 0.99 40.5 350923 0.04 50803 0.01 85.5 
Cu [µg] 15544 0.89 1795 0.83 88.5 1902 0.11 362 0.17 81.0 
Influent Volume = 464 L  Effluent Volume = 181 L     ∆ Volume = 269 L   
Influent Peak Flow = 77.15 L/min Effluent Peak Flow = 11.44 L/min ∆ Peak Flow = 65.71 L/min 
TS = TDS+TSS   VS = VDS+VSS             
 
The role of the CPP and OCS in removal of dissolved heavy metals through precipitation 
and surface complexation is illustrated in Figure 2.12, with mass changes summarized in Table 
2.6 and concentration changes summarized in Table 2.7.  All influent dissolved concentrations of 
metal elements were reduced (ignoring Mg and Ca generated from the CPP).  Table 2.6 also 
indicates the operationally dissolved (fd) and particulate (fp) fractions of the influent and effluent.  
Consistent with the results of the other events, fd results indicate that except for Fe, the 
predominance of metal element mass is dissolved in the influent to the PER.  Table 2.6 indicates 
that due, in part, to the high degree of exfiltration, the reduction of mass in the influent for both 
the dissolved and particulate fractions of metals was high, excepting Ca and Mg generated from 
the CPP.  Removal of particulate-bound metals as a function of time is illustrated in Figure 2.13.  
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Except for both Zn fractions, each fraction of Pb, Cd, and Cu was reduced to less than 10-µg/L 
or less on an EMC basis.   
While these results occurred within the first year of operation of the PER, TCLP analyses 
were conducted on the OCS media after 5 years of highway storm water loadings to the PER.  
The data reported in Table 2.8 included media mass based concentrations of Zn, Cd, Pb, Ni, Mn, 
Fe, and Cu.  The results showed that TCLP extractable portion of Zn, Cd, Pb and Ni were low.  
The results demonstrated that the combination of heavy metals such as Zn, Pb, Cd and Cu with 
iron oxide coating was stable.   
Table 2.7 Constituent Event Mean Concentrations of Influent and Effluent for 12 June 1997 
Rainfall Event. 
 
Dissolved Fraction Particulate Bound Fraction 
Index Unit 
Influent Effluent Removal Rate      (%) Influent Effluent 
Removal Rate   
(%) 
TS-TSS [mg/L] 131.3 206.7 -57.5 71.7 32.8 54.2 
VS-VSS [mg/L] 58.3 51.8 11.1 32.8 19.7 0.0 
CODtotal [mg/L] - - - 192.2 121.3 36.9 
Zn [µg/L] 628.5 47.8 92.4 20.8 13.2 36.7 
Cd [µg/L] 2.5 0.7 72.0 0.2 0.1 50.0 
Pb [µg/L] 5.3 3.7 30.2 1.8 0.6 66.7 
Ni [µg/L] 21.6 7.0 67.4 1.8 1.3 29.5 
Mn [µg/L] 145.0 3.8 97.4 5.0 2.4 52.0 
Fe [µg/L] 114.1 49.5 56.6 264.4 284.6 -7.7 
Mg [µg/L] 1583.8 2126.4 -34.3 188.8 75.2 60.2 
Ca [µg/L] 17283.8 24873.5 -43.9 756.3 264.6 65.0 
Cu [µg/L] 33.5 9.4 72.1 4.1 1.9 54.1 





Figure 2.12 Hydrology and dissolved metal elements removal by the PER for 12 June 1997 





























































































































Figure 2.13 Hydrology and particulate metal elements removal by the PER for 12 June 1997 

































































































































Table 2.8 TCLP Results For OCS Media After 5 Years of I-75 Storm Water Loadings. 
 
Metals 






Zn 401.2 81.2 12 
Cd 3.0 0.7 12 
Pb 5.2 9.0 12 
Ni 67.4 18.2 12 
Mn 1523.0 654.8 12 
Fe 5097.0 2618.5 12 
Cu 163.8 390.0 12 
 
Statistical Evaluation of the Removal Efficiency of the PER 
The minimum removal efficiency of a PER was examined statistically, and the results are 
summarized in Tables 2.9 and 2.10.  Table 2.9 summarizes results of analysis based on 
constituent mass reduction.  The minimum removal efficiency at a 95% confidence level for 
dissolved Zn, Ni, Mn, Fe, and Cu are greater than 80%, with the mean removal over 85%.  For 
the particulate bound fractions of these metals, although the mean removal was still greater than 
85%, higher standard deviations decreased the minimum removal efficiency to 70 – 80%.  
Higher removal for particulate Pb and Cd was observed in comparison to the dissolved fractions 
of these metals.  Suspended solids, including the volatile fraction, and COD were significantly 
reduced by the passive function of the PER.  Because of the significance of the removal 
efficiency, the comparatively small sample size (3 events) also provided an effective estimate 
with statistical significance.  Removal levels for concentration were lower compared to the 
removal levels based on mass for most constituents.  However, removal for dissolved Zn and Mn 
are still significantly greater than 90%.  The results of Mann-Whitney methods for both 
particulate and dissolved metal concentrations are shown in Table 2.11.  Generally, the |Z| values 
for all metal concentrations on site basis are greater than 1.96 except for dissolved Pb.  
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Significant differences between influent and effluent are observed at 95% confidence level.  For 
dissolved Pb, the poor removal may be attributed to the very low influent concentration 
(compared with Zn and Cu).  The negative Z values of dissolved Mg and Ca were a result of a 
significant increase in hardness generated from the CPP, as would be expected.  For the event-
based analysis, the statistical significance is lower due to smaller sample size.  However, the Z  
Table 2.9 Statistical significance of the removal rate based on mass. 
 
Index Units 25 Nov. 96 16 Dec. 96 12 Jun. 97 mean st.dev. minimum removal1 
Removal of Dissolved Fraction (%) 
TDS [mg] 55.9 54.1 38.6 49.5 9.5 33.4 
VDS [mg] 74.7 54.3 65.3 64.8 10.2 47.5 
Zn [µg] 98.7 98.4 97.0 98.0 0.9 96.5 
Cd [µg] 89.5 78.7 89.1 85.7 6.1 75.4 
Pb [µg] 86.4 68.0 72.8 75.7 9.6 59.5 
Ni [µg] 92.6 90.3 87.3 90.0 2.7 85.5 
Mn [µg] 98.7 99.4 99.0 99.0 0.3 98.4 
Fe [µg] 84.3 86.5 83.1 84.6 1.8 81.6 
Mg [µg] 75.4 60.5 47.6 61.2 13.9 37.6 
Ca [µg] 81.7 68.4 43.9 64.6 19.2 32.1 
Cu [µg] 89.7 86.5 89.1 88.4 1.7 85.6 
Removal of Particulate Fraction (%) 
TSS [mg] 94.0 95.7 82.1 90.6 7.4 78.1 
VSS [mg] 95.2 95.0 76.6 88.9 10.7 70.8 
CODtotal [mg] 89.4 90.3 75.4 85.0 8.4 70.8 
Zn [µg] 91.3 88.4 75.3 85.0 8.5 70.6 
Cd [µg] 87.9 88.3 80.5 85.6 4.4 78.1 
Pb [µg] 91.0 87.5 87.0 88.5 2.1 84.8 
Ni [µg] 83.1 87.0 72.5 80.8 7.5 68.1 
Mn [µg] 95.0 94.6 81.3 90.3 7.8 77.1 
Fe [µg] 90.2 93.3 58.0 80.5 19.5 47.4 
Mg [µg] 89.5 86.3 84.5 86.8 2.6 82.4 
Ca [µg] 89.5 84.4 86.4 86.8 2.6 82.4 
Cu [µg] 85.4 89.3 82.1 85.6 3.6 79.4 
1.  Minimum removal efficiency is determined at a 95% confidence level   
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value of dissolved Zn, Cd, Ni, Mn, and Cu for each events showed significant different between 
influent and effluent.  Particulate Pb was preferentially removed in comparison with the 
dissolved fraction.  In contrast to the dissolved fractions of Mg and Ca, the particulate fractions 
of Ca and Mg illustrated a statistically significant reduction by the PER, as indicated by the Z 
values for the particulate fractions of Ca and Mg.  
Table 2.10 Statistical significance for the removal rate based on concentration 
 
Index Units 25 Nov. 96 16 Dec. 96 12 Jun. 97 mean st.dev. minimum removal1 
Removal of Dissolved Fraction (%) 
TDS [mg/L] -82.2 -43.8 -57.5 -61.1 19.5 -94.1 
VDS [mg/L] -4.4 -43.1 11.1 -12.1 28.0 -59.5 
Zn [µg/L] 94.6 94.9 92.4 94.0 1.4 91.6 
Cd [µg/L] 56.5 33.2 72.0 53.9 19.5 20.8 
Pb [µg/L] 43.8 -0.4 30.2 24.5 22.6 -13.8 
Ni [µg/L] 69.4 69.5 67.4 68.8 1.2 66.8 
Mn [µg/L] 94.5 98.0 97.4 96.6 1.9 93.5 
Fe [µg/L] 35.0 57.8 56.6 49.8 12.8 28.1 
Mg [µg/L] -1.4 -23.8 -34.3 -19.8 16.8 -48.3 
Ca [µg/L] 24.4 0.9 -43.9 -6.2 34.7 -65.0 
Cu [µg/L] 57.4 57.7 72.1 62.4 8.4 48.2 
Removal of Particulate Fraction (%) 
TSS [mg/L] 75.1 86.7 54.2 72.0 16.4 44.1 
VSS [mg/L] 80.4 84.3 0.0 54.9 47.6 -25.8 
CODtotal [mg/L] 56.3 69.7 36.9 54.3 16.5 26.3 
Zn [µg/L] 64.0 63.7 36.7 54.8 15.7 28.3 
Cd [µg/L] 50.0 63.4 50.0 54.5 7.7 41.4 
Pb [µg/L] 62.7 60.9 66.7 63.4 3.0 58.4 
Ni [µg/L] 30.0 59.3 29.5 39.6 17.0 10.7 
Mn [µg/L] 79.3 82.9 52.0 71.4 16.9 42.8 
Fe [µg/L] 59.5 78.9 -7.7 43.6 45.4 -33.4 
Mg [µg/L] 56.8 57.1 60.2 58.0 1.9 54.9 
Ca [µg/L] 56.7 51.2 65.0 57.7 6.9 45.9 
Cu [µg/L] 39.8 66.6 54.1 53.5 13.4 30.8 
1.  Minimum removal efficiency is determined at a 95% confidence level   
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Table 2.11 Z values for dissolved and particulate metal concentration using Mann-Whitney 
method  
 
Event Basis Site Basis 
25 Nov. 96 16 Dec. 96 12 Jun. 97 Z 
Dissolved Particulate Dissolved Particulate Dissolved Particulate Dissolved Particulate 
COD -0.035 -3.873 4.491 2.365 
TSS 5.891 2.822 4.445 2.072 
VSS 6.323 3.264 4.445 2.239 
Zn 7.884 5.891 3.873 3.541 4.399 4.399 4.625 3.620 
Cd 5.468 5.503 2.379 2.434 4.625 4.215 4.625 2.574 
Ni 7.276 5.688 3.320 1.383 4.215 3.570 4.625 3.788 
Pb 0.908 4.948 1.771 2.213 -1.313 4.261 1.025 2.616 
Mn 7.805 6.129 3.873 3.873 4.445 4.399 4.625 2.030 
Fe 6.447 4.930 1.771 3.541 4.307 4.445 4.081 0.146 
Mg -5.053 4.965 -1.162 2.932 -3.616 4.399 -2.951 1.528 
Ca -3.016 4.930 0.166 2.877 -2.096 4.031 -2.406 2.406 
Cu 7.602 5.697 3.264 1.881 4.399 4.307 4.625 3.997 
Hardness -1.781 0.664 0.438 -2.365 
The difference in concentration of influent and effluent of samples is statistical significant at a 95% 
level when |Z| > 1.96 
 
CONCLUSIONS 
 A series of objectives were examined with respect to the design and operation of a PER 
loaded by urban storm water.  Over a 10-month period, on an event-basis for three rainfall runoff 
events, the function of the PER was examined.  There are a number of conclusions that can be 
drawn from the results. 
 Results indicate that the fd of all influent metal elements in qsf (except Fe) for these site 
conditions (low rainfall pH, low runoff alkalinity and short residence times) are greater than 50% 
indicating that (1) characterization of the influent partitioning at the point of control is critical for 
design and (2) that the PER or any in-situ BMP under these conditions must be capable of 
providing an adsorptive or surface complexation function for dissolved constituents.  While the 
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PER must provide removal for dissolved constituents, it must also function to provide particle 
separation as presented in Chapter 3.   Over a range of hydrologic events the PER was capable of 
statistically significant event-based reductions of dissolved and particulate-bound metals, solids 
and COD concentrations.  Mass reductions with respect to the effluent were higher than 
concentration reductions as a function of exfiltration.   
Results indicate that the combined function of CPP and OCS provide a number of water 
quality attributes for the PER.  First, the CPP provides alkalinity and pH increase for the storm 
water influent that is poorly buffered.  The moderate increase in pH, alkalinity and hardness 
provides a reduction in toxicity for heavy metal residuals remaining in the effluent (Cusimano et 
al. 1986).  Second, the moderate increase in pH is capable of raising the pH above the PZC of the 
Fe-coated media resulting in a net negative surface charge on the media.  The OCS provides a 
number of advantages compared to plain sand.  First, its charge is amphoteric and can be 
manipulated passively by the CPP.  Second, it has a specific surface area that is several orders of 
magnitude higher than plain sand.  For the given design PER design examined herein, metal 
element breakthrough capacity (controlled by particulate-Zn breakthrough with C/C0 = 0.90) is at 
least ten years (Sansalone 1999).  The low TCLP values imply safe disposal of heavy metal 
incorporated OCS is technically feasible in a PER. 
 The PER also functions as a water quantity control device when loaded by lateral 
pavement sheet flow.  Despite low saturated hydraulic conductivity of surrounding soils (Ksat = 
10-6 cm/second) PER results demonstrate a number of water quantity functions.  The first is 
significant storm water volume control.  The second function is peak flow control as 
demonstrated by the 12 June 1997 event.  Third, the PER is capable of increasing the lag time for 
the inflow hydrograph, attenuating the temporal aspects of the outflow hydrograph.   Finally, the 
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PER serves as multi-purpose infrastructure to conventional underdrain design.  From a water 
quantity perspective the in-situ clayey glacial till soils are not conducive to exfiltration, however 
the PER functioned as intended as an in-situ water quantity control.  Soils of higher saturated 
hydraulic conductivity would further improve the function of the PER as a water quantity control 
BMP.  However, the low saturated hydraulic conductivity, high surface area and ion-
exchange/adsorption capacity of clayey soils also provide immobilization protection for 
migration of constituents that may be exfiltrated from the PER.  While the PER has been 
examined from a water quality and quantity perspective as an engineered in-situ storm water 
BMP, issues of stability, such as sitting a PER on a slope or an embankment must be considered 
as part of geotechnical design.  Provisions for maintenance, such as vacuuming or sweeping the 
CPP must also be considered as part of the design.  
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NOMENCLATURE  
The following symbols are used in this paper: 
 C  : flow weighted average concentration for entire event  (M/L3) 
C : volume-based runoff coefficient     (unitless) 
COD  Chemical oxygen demand       
CPP : Cementitious porous pavement 
c(t) : time variable solid or dissolved fraction    (M/L3) 
 D : Dissolved mass of a metal element      (M) 
EMC : Event mean concentration      (M/L3) 
fd : Dissolved fraction       (unitless) 
fp : Particulate fraction       (unitless) 
Ksat : Saturated hydraulic conductivity     (L/T) 
 M : total mass of a constituent over entire event duration   (M) 
 Min : influent mass        (M) 
 Mout : influent mass        (M) 
OCS : Oxide coated sand 
 P  : Particulate-bound mass of a metal element    (M) 
PER : Partial exfiltration reactor 
PZC : Point of zero charge 
 q(t) : time variable flow       (L3/T) 
 qsf : lateral pavement sheet flow      (L2/T) 
 t : time         (T) 
SMC : Site mean concentration 
SSA : Specific surface area       (m2/g) 
TCLP : Toxic Characteristic Leaching Procedure 
TDS : Total dissolved solids      (M/L3) 
TS : Total solids (TSS + TDS)      (M/L3) 
 tr : duration of the event       (T) 
TSS : Total suspended solids      (M/L3) 
 V : total volume of flow over entire event duration   (L3) 
VDS : Volatile dissolved solids      (M/L3) 
VSS : Volatile suspended solids      (M/L3) 
β : removal efficiency        (%) 
 
56 
CHAPTER 3.  





Metal elements or other constituents transported in urban and transportation land use rainfall-
runoff are often adsorbed on or incorporated with entrained particles that are ubiquitous in such 
runoff.  Infiltration-exfiltration can be an effective in-situ particle separation and quantity control 
structural best management practices (BMPs) allowing runoff to return to soil after passive 
physical-chemical treatment.  The in-situ partial exfiltration reactor (PER), which combined the 
surface straining of the porous pavement (CPP) layer with filtration of oxide coated sand (OCS) 
media beneath, provided control of water quantity and quality.  Particle analyses were carried out 
for both influent and effluent to examine filter efficiency as a function of particle size and 
hydrology.  Influent dm/dp ratios suggest that the dominant PER particle separation mechanisms 
were physical-chemical filtration with the CPP layer functioning as a straining surface.  Particle 
size distributions were modeled based on a 2-parameter cumulative power-law function.  The 
performance of the PER as a filter is shown to be a function of the unsteady site hydrology.  
Temporal variation in the filter coefficient and the volumetric particle fraction remaining were 
directly related to the unsteady influent loading rate.  Particle removal efficiency by the PER 
based on concentration ranged from 71 to 96 % on a mass-based concentration and 92 to 99 % 
on a number based concentration.  Results suggest that a properly designed PER can provide 
effective in-situ control for particles and could be combined with or function separately from 
source control (i.e. pavement cleaning or a mass trading framework).  
                                                 
* Reprint by permission of ASCE “Journal of Environmental Engineering” 
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INTRODUCTION 
Structural Infiltration-Exfiltration BMPs 
A variety of in-situ structural best management practices (BMPs) that are designed for 
infiltration and some degree of exfiltration to surrounding soil have been developed.  These in-
situ systems have been considered by various researches for both water quantity and quality 
control (Hogland et al. 1987, Colandini et al. 1995).  Infiltration-exfiltration systems are 
adaptable BMPs that can potentially remove both soluble and particulate pollutants.  Reports 
have shown the wide and varied application of infiltration concepts, driven in many parts of the 
world because of the potential benefits for storm water quantity and quality control (Fujita 1993, 
Krejci et al. 1993, Jahangir-Issa 1998, Yu 1993).  Infiltration trenches have been used to 
attenuate storm water runoff peak flow and to reduce the runoff volume, to natural, 
predevelopment hydrologic conditions.  Along highways, systems such as a PER function to 
intercept subgrade interflow and infiltration through pavement cracks and joints, which can be a 
significant pathway to conventional underdrainage (Jeffcoat et al. 1992).  Swedish infiltration-
exfiltration systems are utilized to promote shallow groundwater recharge and reduce surface 
drainage infrastructure in transportation systems (Hogland and Niemczynowicz, 1986, 
Niemcznowicz and Hogland, 1987).   
Investigation of long-term hydraulic behavior of storm water infiltration trenches has 
demonstrated that infiltration is feasible even when the field saturated hydraulic conductivity of 
surrounding soils was as low as 10-6 m/s (Warnaars et al. 1999, Li et al. 1999).  Li et al. (1999) 
used a numerical two-dimensional variably saturated flow model to evaluate transport and 
residence time distribution for a partially exfiltration reactor (PER) configured as a long linear 
trench, which is also the system evaluated in this study for particle loading and separation.  
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These studies indicate that infiltration systems and configurations offer the potential for 
infiltrating storm water runoff in urban areas.  Benefits of these infiltration-exfiltration BMPs are 
increased mean residence times relative to pre-BMP conditions, and promotion of high 
exfiltration discharges to surrounding soils, even for soils with low saturated hydraulic 
conductivity.  Infiltration-exfiltration BMPs in soils of lower hydraulic conductivity (typically 
clayey materials of higher surface area and surface charge) have a reduced risk for soil and 
groundwater contamination due to increased loadings of anthropogenic pollution in urban and 
highway runoff, especially heavy metals (Li et al. 1999).  Water quality results, in particular for 
heavy metals, indicate that for infiltration systems such as the Swedish unit superstructure, 
accumulation of such constituents occurs at the geotextile layer between the granular subgrade 
and surrounding soil. (Hogland and Niemczynowicz, 1986).  Long-term examination of such 
systems in clean granular soils is required to quantify any risk of elevated water quality 
constituents beyond the infiltration system (Hogland and Niemczynowicz, 1986).  
Common Infiltration –Exfiltration BMPs 
There are a wide variety of infiltration and exfiltration BMP systems that range from 
porous pavement to sand filter inlets (Urbonas 1993).  Common type of infiltration-exfiltration 
systems is the combination of asphaltic porous pavement and a granular-backfilled subgrade or 
trench such as the Swedish Unit Superstructure or the PER combining cementitious porous 
pavement and engineered adsorptive-filter media.  Swedish pavement systems promote 
infiltration using porous pavement and granular subgrade systems for quantity storage and water 
quality attenuation.   
Another common type of infiltration-exfiltration BMP that has been widely used is a 
vegetated or grassed swale infiltration system.  Studies in Europe and the United States indicate 
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that these vegetated swale infiltration systems can be effective at intercepting, conveying and 
infiltrating storm water runoff (Sieker 1998).  For example the German “Mulden-Rigolen-
System” (MR-System) provides in-situ water quantity and quality control for storm water.  
Swale infiltration trenches such as the MR-System are typically comprised of an upper layer of 
highly porous material such as gravel or lava granules, with finer gradations of sand and soil in 
lower layers of the trench.  The vegetated or grassed surface of the swale provides effective 
separation of the coarser SS (>75 µm) gradation of the storm water entrained particulate matter; 
trapping this particulate matter at the surface of the swale.  Infiltration treatment results from 
these systems indicate that water quality parameters such as heavy metals can be attenuated by 
mechanisms of filtration and adsorption with resulting reductions in effluent concentration of 
greater than 90% by designs such as the MR-System (Sieker 1998).  Two long-term monitoring 
studies in the Washington D.C. area on partial exfiltration systems in suburban Maryland and 
Virginia (Schueler 1987) demonstrate the potential of such systems as in-situ treatment for storm 
water constituents.  Both partial exfiltration sites exhibited similar removal capability with TSS 
mass removal ranging from 85% to 95%.  Approximately 65% of the total phosphorous and 75–
85% of the total nitrogen load were removed at both sites through partial exfiltration.   
Most in-situ infiltration systems are not intended to provide significant removal of 
coarser (> 75 µm) particulate pollutants through mechanisms such as deep-bed filtration due to 
the potential for clogging and inability to backwash such in-situ systems.  Some form of particle 
separation is usually employed as pre-treatment before storm water is infiltrated into the trench.  
For example, this study reports on a PER configured as a partial exfiltration trench where the 
upper porous pavement surface function as both an infiltrating surface, provides surficial 
straining of coarser (> 75 µm) and suspended (< 75 µm) particulate matter in overland flow at 
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the upper end of a paved urban watershed.  This surficially strained layer of particles itself forms 
a “schmutzdecke” on the surface promoting further surficial straining.  Legret and Colandini 
(1999) investigated an asphalt porous pavement with a lower reservoir structure for filtration of 
suspended solids and heavy metal in storm water runoff.  The accumulation of particulate heavy 
metal in the upper porous asphalt and the absence of soil contaminant under the reservoir were 
demonstrated for loading of TSS and heavy metals in storm water over a period of 8 years.  
Similar structures but different sub-base stone type were also constructed in the United Kingdom 
and reduced TSS from over 1000-mg/L to lower than 50 mg/L (Pratt et al.1995).   
Filtration Mechanisms 
In a filtration system such as a PER, particle separation can be classified into three 
general mechanisms.  The predominance of one of these three mechanisms, illustrated in Figure 
3.1, can be identified based on the ratio of the media diameter dm to suspended particles size dp 
(McDowell-Boyler et al. 1986).  The diameter of media and particles are both the median (d50) 
values based on mass fractions of the media and incoming particles, respectively.   
The dm/dp ratio is a classification index to examine the predominance of straining, deep-
bed filtration or adsorptive-filtration mechanisms.  When dm/dp is less than 10, the particles will 
not penetrate into the granular bed and will be separated by surficial straining.  A filter cake or 
surface mat (“schmutzdecke”) will form above the granular bed, in this case at the porous 
pavement surface.  Therefore, over time, this filter cake act as a preferential substrate for 
adsorption of infiltrating storm water constituents and the filter cake will itself strain finer 
particulates than porous pavement surface.  While this filter cake will act as a surface filter, and a 
substantial accumulation of strained material can occur, such an accumulation may eventually 
lead to a decrease in hydraulic capacity of the porous pavement surface layer.  However, this 
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filter cake is readily removed by surficial cleaning techniques such as vacuuming, washing or 
sweeping.  These techniques can readily restore the hydraulic capacity of the porous pavement 
(Niemczynowicz 1989).   
Surficial Straining      Deep-bed Filtration Physical Chemical 
Coarse size particles:  > 100-µm
Medium size particles:  > 10-µm




(dm/dp < 10) (10 < dm/dp < 20) (dm/dp > 20)
 
Figure 3.1 Filtration mechanisms that can be applied to cementitious porous pavement (CPP) and 
oxide coated sand (OCS) based on dm ( media diameter) and dp (infiltrating particle diameter). 
When the ratio of dm to dp is between 10 and 20, the deep-bed filtration will be the 
dominant separation mechanism.  The particles that enter the granular media bed can be 
mechanically removed by a number of filtration mechanisms such as interception, sedimentation 
and pore straining in the pore spaces and on the media surfaces while occupying a significant 
fraction of the pore volume (Sakthivadivel 1969).  The particles deposited in the pore volume 
can eventually restrict the open spaces reducing the hydraulic capacity of the bed unless the 
system is backwashed routinely.  The extended nature of in-situ BMPs such as the PER, the MR-
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System or the Swedish Unit Superstructure that capture diffuse loads of entrained particles or 
pavement line loads such as along highways do not readily permit the use of conventional 
backwashing.  Therefore such systems must be protected to ensure that deep-bed filtration is not 
the dominant filtration mechanism.   
When the ratio dm/dp is larger than 20, removal mechanics involves physical and 
chemical forces between particles and the media, such as Brownian motion, sedimentation, 
interception and adsorption.  For these small particles the occluded pore volume represents a 
small fraction of the total porosity (Sakthivadivel 1969).  Longer service life of the filter bed can 
be expected, because particles will occupy little pore volume. 
OBJECTIVES 
This study has a number of objectives related to the storm water particulate loading and 
particle separation performance of an in-situ PER for three rainfall runoff events where the entire 
runoff volume was captured and treated by the PER.  The first objective was number based and 
mass based characterization of influent and effluent suspended particles along with modeling of 
each gradation through a cumulative power law model.  The second objective was to examine the 
mass-based gradations of particulate matter “schmutzdecke” separated at the surface of the PER 
through surficial straining by the porous pavement surface.  The third objective was to examine 
the pore size distribution in the porous pavement layer and oxide-coated sand bed layer of the 
PER.  A final objective was to evaluate the performance of the PER as an in-situ filter for the 
separation of traffic-generated particulate matter based on statistical analysis, examine the 
predominant separation mechanisms that occur in the PER and evaluate the temporal variability 
of filter coefficients based on particle analyses of influent and effluent.  This objective includes 
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examination of the impact of unsteady flow and hydrological loading to the performance 
behavior of the PER. 
METHODOLOGY 
Experiment Site 
The storm water influent collection and sampling system, and the prototype PER were 
designed to intercept lateral pavement sheet flow (qsf) from urban transportation land use 
pavement.  Three storm events with representative rainfall intensity, pavement runoff, previous 
dry hours, and duration were fully captured and analyzed in this study.  The entire runoff volume 
from each of these events was captured and treated by the PER.  Details on the site and 
experiment setup, PER build-up, influent and effluent sampling, sample process were presented 
in Chapter 2.  Table 3.1 presents a summary of Cincinnati site characteristics and suspended 
solid EMCs in comparison to other urban highway sites around the United States.  The 
Cincinnati experimental site mean concentration (SMC) for total suspended solids (TSS) at 131 
mg/L is lower than the mean value of 172 mg/L reported for all fourteen highway sites. 
Iron Oxide Coated Sand (OCS) 
Iron oxide coated sand (OCS) was chosen as PER media for its adsorptive and filtration 
properties as well as its relatively low cost to produce the OCS media.  The adsorptive efficiency 
of the OCS media, as an integral component of the PER for heavy metal removal, has been 
presented in Chapter 2.  Details regarding the development and synthesis of the OCS are 
provided elsewhere (Sansalone 1999).  The surface charge of media was determined using a 
potentiometric titration methodology of Van Raij and Peech (1972).  Approximately 3-g of 
uncoated sand or 2-g of OCS were suspended in 50-mL of 0.01-M KCl and the pH increased 
across a range between 3 to 9 using measured amounts of 0.01-M HCl or KOH.  The suspensions 
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were purged with nitrogen gas and sealed.  The samples were kept at 25 oC in sealed airtight 50-
mL glass flasks and kept mixed on a reciprocating table shaking for 48 hours after which the pH 
values of the supernatant were recorded.  The amounts of H+ and OH- adsorbed by the oxide 
coated media were estimated from the amount of acid or base necessary to bring the samples to 
the final equilibrium pH, minus the amount necessary to bring 125-mL of a blank solution to the 
same pH.  In each sample series, triplicate samples were prepared for measurement.  Table 3.2 
summarizes the physical and chemical properties of the OCS media as compared to the uncoated 
filter sand. 
Table 3.1 Comparison of suspended solids (TSS and VSS) for selected urban highway sites 
around the USA (FHWA 1984, Sansalone et al. 1998). 
 
























Little Rock (I-30) 42 A 1217.5 18 127.4 66.0 54 – 248 22.6 15.3 0 – 48 
Denver (I-25) 149 A 370 16 469.6 288.3 171 - 1185 100.8 70.8 10 - 240 
Miami (I-95) 140 A 1495 5 107.4 103.9 15 – 260 126.0 110.2 10 - 241 
Effland (I-85) 26 A 1090 34 24.0 13.6 7 – 57 5.8 1.2 4 – 7 
Milwaukee (I-94) 116 A 690 109 212.7 257.9 17 - 1860 65.3 67.3 15 - 298 
Harrisburg (I-81) 24 C 942.5 22 52.0 47.6 4 – 163 14.3 12.9 1 – 48 
Harrisburg (I-81) 56 C 942.5 21 310.7 458.1 48 - 2160 23.2 17.4 6 – 62 
Nashville (I-40) 88 C 1125 31 215.2 106.4 52 – 478 77.3 95.0 11 - 397 
Seattle (I-5) 53 C 655 119 124.9 97.7 14 – 552 37.2 35.0 4 – 428 
Vancouver (I-205) 17 C 975 86 43.5 38.2 2 – 254 10.5 6.2 2 – 33 
Milwaukee (I-794) 53 C 1495 30 169.7 114.1 26 – 475 54.5 32.6 14 - 144 
Cincinnati (I-75) 117 A 1020 13 130.7 57.2 28.6 - 259 41.6 18.6 14.3 - 88 
Baton Rouge (I-10) 78 C 1460 9 298.4 159.0 18 - 8735 66.8 49.2 9 - 2416 
Mean of Sites 72.3  1009 36.6 172.2 121.7 2 – 8735 48.8 35.4 0 - 2416 
ADT:    Average daily traffic (multiply by 1000) 
Pavm.:  Pavement (A – Asphalt, C – Concrete) 
Rain:  Annual rainfall  
n:  number of rainfall events sampled (snow events not considered) 
Data for all sites except Cincinnati and Baton Rouge is from 1975 to 1985 
Data for Cincinnati from 1995 to 1997 
Data for Baton Rouge from 2000 to 2001 
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Table 3.2 Characteristics of Oxide Coated and Uncoated Media 
 
Parameters Uncoated Sand OCS 
d10 (mm) 0.50 0.52 
d30 (mm) 0.83 0.86 
d50 (mm) 1.14 1.16 
d60 (mm) 1.31 1.34 
d90 (mm) 1.83 1.84 
Cu 2.58 2.58 
Cc 1.06 1.06 
Density (mean) 2.710 2.730 
Density (Standard Deviation) 0.007 0.001 
SSA1  0.10 – 0.70  5.0-15.0 
PZC 6.7 8.1 
1 Sansalone 1999 
 
The higher specific surface area of OCS (5 – 15 m2/g) compared with uncoated sand 
(0.05 – 0.2 m2/g) was verified by the modified EGME method described later in the 
methodology (Sansalone et al. 1998).  The OCS produced for the PER is an amphoteric material 
and has a net negative surface charge above a solution pH of 8.1, whereas the uncoated sand 
used to produce the OCS had a net negative surface charge above a pH approximately 6.7 as 
tabulated in Table 3.2.  The use of cementitious porous pavement (CPP) provides a sufficient 
increase in pH such that the pH of the infiltrating storm water that reaches the OCS is above the 
point of zero charge (PZC) of the OCS media.  Mass-based gradation of the filter sand utilized as 
a substrate for the iron oxide coating (10 to 100-µm) in thickness is provided in Figure 3.2.  The 
filter sand was 98% SiO2 by mass, was poorly graded and had a d50 of 1.14-mm.  The clean-bed 
porosity of the in-situ densified OCS bed ranged from 0.35 to 0.40 with a mean value of 0.37.  
The OCS specific gravity was 2.73, the in-situ mean dry bulk density of the OCS was 1786-
kg/m3 of trench and the clean-bed saturated hydraulic conductivity was 0.023-cm/second.  The 
mean residence time within the PER was measured as 13.9-minutes and modeled as 15.0-
66 
minutes (Li et al. 1999).  Approximately 7000-kg of OCS were synthesized and utilized in 
fabrication of the PER. 
Filtration Mechanisms 
In order to classify the predominant filtration mechanisms, dm/dp values were calculated 
for the suspended particles in the influent.  From the mass-based gradation of the OCS media, the 
dm (d50) of the OCS was 1.16-mm.  The dp (d50) of the pavement runoff suspended particles were 
measured from laser-based analyses of the PER influent and effluent.  Operationally, the 
suspended particles were defined as those particles less than 75 µm.  The influent and effluent 
d50 values were determined with the assumption of a constant specific gravity across the 
gradation.  The ith size that satisfied the following equation for the 512 suspended particle size 
increments (from 2 to 400 µm) was determined from light-blocking particle analyses. 
            (3.1)  
Particle Size Analysis of Suspended Solids 
Studies by Bader (1970) have demonstrated that the size frequency distribution of 
heterogeneous particles in natural waters can be modeled by a two-parameter power-law 
distribution function.  Least square fits of a single power law to the entire particle size 
distribution data from natural waters for particles larger than 1-µm often yield correlation 
coefficients greater than 0.95 (Kavanaugh et al. 1980).  The power law can be used as a 
cumulative particle number density of all particles larger than the reference value because each 
parameter has a clear physical or granulometric interpretation (Cristina and Sansalone 2003).  




In this expression N is the cumulative particle number density, l is the particle size, and R 
is the reference value.  The parameters, α and β, are empirical constants for a given particle 
gradation.  The coefficient, α, is an index for the cumulative particle number concentration of all 
particulate matters larger than the reference value R.  In this study, 2 µm was selected as the 
reference value.  The exponent, β, while describing the slope of the particle distribution power 
law function, is an index that can be related on both a theoretical and experimental basis to 
physico-chemical particle interactions and physico-chemical properties of particles.   
For each event, a mean distribution of particle number concentration for both influent and 
effluent representative of the entire influent and effluent process were fit to the two-parameter 
power law function, equation (3.2), to characterize influent and effluent.  Parameters α and β 
were determined and plotted as a function of time for influent and effluent samples.  The index 
used to describe suspended particle gradations is the number volume mean size lNV. 
          (3.3) 
In this expression lNV is number volume mean size, ∆Ni is the number concentration in ith 
size fraction and li is the nominal size for ith size fraction.   
Filter Coefficient 
Removal of suspended solids by filtration can be modeled as a first order process where 
the removal of suspended solids as a function of filter depth is directly proportional to the 
concentration of suspended solids. 
                 (3.4)
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In this expression, λ is the filter coefficient, C is suspended solids concentration and L is 
depth of the filter.   The filter coefficient λ is an important parameter and has been widely 
utilized on evaluation of filtration efficiency (Mackie et al. 1987, Jegatheesan and Vigneswaran 
2000).  It has dimensions of reciprocal length.  To use filter coefficient λ instead of removal rate 
in many studies can be convenient to compare different filtration systems with different filter bed 
depth.  Moreover, the use of filter coefficient can provide additional insights into filter function 
and efficiency when the removal rates are comparatively high. 
CPP Strained Particles  
The OCS filter bed of the PER was capped and protected by a 10-cm thick cementitious 
porous pavement (CPP) layer.  This CPP layer had an unconfined compressive strength of 35,000-
kPa, a saturated clean-bed hydraulic conductivity of 0.05-cm/second and a residual water content of 
0.03 (Li et at 1999).   
A significant mass fraction of the entire particulate matter gradation in storm water runoff 
intercepted by the PER is strained by the porous pavement surface.  This particulate matter remains 
as a “schmutzdecke” filter cake on the porous pavement surface until this strained material is 
removed.  This strained material is relatively coarse, is considered as primarily settleable solids and 
typically ranges in size from 10,000 µm to less than 25 µm.  The “settleable” particulate mass that is 
coarser than 75 µm represents greater than 95% of the gradation on a mass basis.  This coarse 
material is transported to the CPP surface as bed load in runoff or as dry deposited material.  With 
respect to the PER operations, the filter cake of strained material was allowed to accumulate on the 
surface between captured events and removed from the CPP surface immediately after each 
captured event.  This accumulation allowed recovery of a sufficient amount of strained particulate 
mass for physical and chemical analyses of the strained material as a function of particle gradation.  
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The entire surface of the porous pavement was vacuumed and cleaned after each of the three 
captured event and the entire filter cake recovered for later analyses.  Formation of a schmutzdecke 
on the CPP surface is representative of passive PER operation, for which the CPP surface would be 
maintained (washed, swept, vacuumed) with a frequency measured in terms of months and not after 
each rainfall runoff event.   Accumulation of strained material across a series of events allowed 
sufficient formation of a schmutzdecke filter cake straining layer and sufficient accumulated 
material to allow for analyses of the strained material as provided herein.   
Particle mass gradations of the recovered schmutzdecke were determined according to 
ASTM D421 for the sample preparation and ASTM D422 for sieve analysis (ASTM 1990, ASTM 
1993) excepting the use of additional sieves and a lower drying temperature.  The set of sieves was 
expanded from the ASTM protocol to include the 9.5-mm (#3/8) through the 25-µm (#500) sieves.  
Across each gradation, strained particulates were separated into 15 size classes.  Before sieving, the 
solids were dried at 40oC and total dry mass was measured.  Dry solids separated on each of the 
stainless steel sieves were weighed and stored separately.  Mass balances were within 2 % of the 
initial total dry mass.  Representative portions (1-g) of each particulate matter size were digested 
using a microwave-assisted procedure based on SW-846 Method 3015 (USEPA 1990).  Metal 
elements were analyzed on a Perkin-Elmer Optima 3000 Inductively Coupled Plasma Spectrometer.  
Specific Surface Area 
A modified EGME (ethylene glycol monoethyl ether) method (Sansalone et al. 1998) was 
utilized for experimental determination of specific surface area.  The EGME method determines the 
amount of EGME adsorbed gravimetrically due to an adsorbed monolayer of EGME at a constant 
vapor pressure.  Utilizing the particulate mass gradations and specific surface area measurements, 
total surface area can be calculated.  Three materials of known SSA served as control for the 
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precision and accuracy of the EGME method: research-grade kaolinite, research-grade hectorite 
and granular activated carbon, GAC.  The research-grade kaolinite and hectorite have reported 
SSA values of 39.5 m2/g and 461.5 m2/g, respectively (Carter et al. 1965).  The GAC was a 
Filtersorb F400 with a reported SSA of 1000 - 1100 m2/g by the N2-BET method (Calgon, 1995). 
Pore Size Distribution 
The experimental setup for pore size distribution is illustrated schematically in Figure 
3.2.  The funnel cavity and tubing were filled with water and air bubbles were eliminated.  The 
OCS was placed on the porous plate in the funnel, densified and saturated with water from below 
by raising the burette.  After equilibrium had been reached at zero tension, the burette was 
lowered a short distance, producing a suction in the funnel cavity. This causes water to pass from 
the sand bed through the porous plate and into the funnel cavity. Thus the water would be 
displaced upward in the burette, in an amount equal to the volume of water extracted from the 
sand bed.  When the new equilibrium was reached, the absolute level of the water in the burette 
would be lower than before by an amount of h. The distance h served as a direct measure of the 
moisture tension. The volume of water withdrawn by each increment of tension was obtained 
from the readings of burette.  By lowering the burette further and get more equilibrium points, 
the volume of water withdrawn can be determined as a function of the moisture tension (Russell 
1941). 
Suspended Solid Particle Analysis 
Particle size and number concentration for the entrained suspended solids in the influent 
were measured using a HIAC/ROYCO Model 9064 with an HRLD-400 light obscuration laser 
analyzer.  The operation of this instrument is typical of a displacement technique utilized for 












Figure 3.2 Schematic of apparatus for pore size distribution determination 
measurement of aqueous particles compared to other methods such as electron or optical 
microscopy.  The instrument and technique have the capability to accurately characterize smaller 
suspended particles in aqueous or oil solutions at concentrations up to 18,000 particles per 
milliliter for particle size between 2-µm to 400-µm.  When an aqueous sample of suspended 
solids passes through the sensing zone of the instrument, a light beam with known intensity 
shines across the sensing zone onto a photodetector.  As the particles pass through the sensing 
zone, some light is scattered and some light is absorbed by the particles, so the light intensity 
reaching the photodetector decreases.  The amount of decrease is a function of the particle 
projected area and refractive index.  The change in light intensity at the photodetector is 
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transmitted via electronic circuitry to the data processing unit, which counts and analyzes pulses 
to yield a particle size distribution.  From the particle area, the particle diameter is calculated and 
reported.  Advantages of light obscuration particle counting include the linear response to 
particle diameter, good repeatability of analysis, a wide working size range, flexibility in the 
selection of sample flow rate through sensor, and on-line capability.  The operational 
disadvantage of this instrument and technique is that for the influent samples, dilution was 
required and therefore the instrument had to be run in a batch mode as opposed to an on-line 
continuous flow mode.   
Aliquots for particle analyses were taken from PER influent and effluent water quality 
samples.  The sample collection, handling, and counting procedure followed Standard Methods 
2560 (“Standard” 1992).  Particle counting and size analyses were carried out within 6 hours 
after the sample collection.  Influent samples were diluted with particle free de-ionized water.  
Three representative aliquots of each sample were analyzed.  Total particle counts concentrations 
of both influent and effluent were computed by summarizing the particle number concentrations 
of each measured size increment from 2-µm to 400-µm.  The total particle counts were 
calculated as the product of the particle number concentration and the incremental flow volume.    
Statistical Analysis 
Because of the variable and stochastic nature of storm water quality and quantity, 
statistical approaches are always needed to validate the removal efficiency of BMP system under 
different loading situation (Strecker et al. 2001).  PER performance on particle separation was 
expressed in terms of number and mass removal based on either concentration or total mass.  The 
minimum removal levels were determined by statistical analyses, based on either concentration or 
total mass.  The minimum removal level is defined as in Chapter 2.  
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RESULTS AND DISCUSSION 
OCS and CPP 
Surface charge examination of OCS iron oxide coating indicated that the coated OCS is an 
amphoteric material with a PZC at a pH of 8.1.  As shown in Figure 3.3a, the net surface charge 
above this pH is negative, and the relative population of negatively charged sites is greater than the 
positively charged surface sites above the PZC.  The predominance of net negative surface charge 
allows for the surface complexation of cationic metals and positively charged species in the influent 
runoff to the PER.  One of the CPP functions is to raise the pH higher than the PZC.  While the pH 
at the PZC of uncoated sand is 6.7 indicating a relative predominance of negative sites at typical 
storm water pH levels the SSA of uncoated sand is approximately two orders of magnitude lower 
than that of OCS resulting in plain sand having little capacity as a sorbent media.  The surface 
morphology of the OCS coating of iron oxide is illustrated at two different scales in Figure 3.3b.  
Scanning electron micrographs (SEM) of the surface indicate the presence of ferrihydrite and 
hematite and the surface morphology provides a qualitative indication of the surface area 
enhancement by the iron oxide. 
Pore size distribution of oxide coated sand bed was determined and shown in Figure 3.4.  
The pore sizes were generally normally distributed with the mean value at between 200 and 300 
µm.  More than 90% of the pores are smaller than 500 µm and about 15% of the pores are smaller 
than 100µm. 
Analysis of Storm Events 
 
Three typical storm events were selected to study the performance of the in-situ PER for 
particle separation over a period of ten months.  The hydrograph and hyetograph for each of 
these three events were presented in Chapter 2 and briefly reviewed herein, since the loadings 
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Figure 3.3 Surface characteristics and morphology of OCS media.  (a) Comparison of surface 
charge for iron oxide coated sand and uncoated silica sand.  (b) Surface morphology of OCS by 
SEM imaging.  The morphology of the Fe oxide surface indicates the presence of ferrihydrite 
and hematite.  
 
and outflow rates can be tied to the PER particle separation performance.  Each inflow 
hydrograph was completely infiltrated by the CPP of the PER and there was no by-pass of flows 
over the top of the PER.  The 16 December 1996 event was a typical, low intensity rainfall event 
in the winter season for Greater Cincinnati.  The rainfall was intermittent, of low intensity (lower 
than 2-mm/hr) and of long duration (nearly 350 minutes).  In contrast, the 12 June 1997 event 
was typical of an early summer event with higher rainfall intensity (15 mm/hr) but of short 
duration (less than 20 minutes).  Peak inflow to the PER for this event approached 80-L/minute 
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with a peak outflow approaching 15-L/minute.  The rainfall intensity of the 25 November 1996 
event is intermediate between two events, although the intensity and pattern are closer to the 16 
December 1996 event.  For the two lower intensity events, peak outflow from the PER did not 
exceed 3-L/minute. 
Pore Size (µm)





































% of pores smaller
Pore size distribution  
Figure 3.4 Pore size distribution of OCS bed 
Figure 3.6 presents temporal profiles of influent and effluent particle number 
concentration and total particle number for each rainfall runoff event.  While the influent particle 
number concentrations are similar for all three events, with the influent 12 June 1997 
concentrations slightly lower than the lower intensity events, the effluent particle number 
concentration for the 12 June 1997 event are an order of magnitude higher than for the other 
events.  Discharge rates from the PER were nearly one order of magnitude higher for this event, 
clearly suggesting a flow rate dependence on particle capture.  For lower intensity events the 
PER exhibited a two-log cycle reduction or greater in particle reduction as compared to the 
single-log cycle reduction for the 12 June 1997 event.  The total particle numbers plots on the 
right of Figure 3.6 illustrated similar trends to differences between influent and effluent 
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(a)  Typical cross-sectional tomograph of CPP (Core diameter = 69.09 mm) 
Pore area Ap (mm
2)






































































(b) Exponential distribution of pore area and minimum diameter of 3036 pores   
(Total pore area, Ap = 186.2885 mm2, total cross-sectional area, A = 749.4956 mm2, based 
on 20 CPP core cross-sections) 
 













































































































Figure 3.6 Temperal variation of total particle concentration (on left) and total particle counts (on 
right) in both influent and effluent   
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Figure 3.7 illustrates the temporal variation in the number volume mean size, lnv of 
suspended particles entering the PER as influent suspended particles leaving the PER in the 
effluent.  The lnv of influent ranged from 3 to 12-µm while the lnv in the effluent remained in a 
tighter range from 4 to 9-µm.  While the difference in the lnv between influent and effluent 
decreased slightly for the 25 November 1996 event, the other low intensity 16 December 1996 
event exhibited little change in diameter.  In contrast, the much higher intensity 12 June 1997 
resulted in a slight increase in event mean particle diameter from PER influent to effluent.  
However, for all events the difference in lnv between influent and effluent remained less than 1-
µm.   
Storm water runoff transports a wide gradation of particulate matter, and much of this 
mass (as opposed to number) can be strained at the surface (>95% by mass) by the CPP 
depending on the dm/dp ratio.  The material strained between captured events was vacuumed 
from the CPP surface before each captured event and examined based on mass gradation and a 
dm/dp ratio.  The suspended particles transported to the OCS in the PER influent and in the 
effluent leaving the PER were also examined to provide an indication of the primary mechanism 
of particle separation by the OCS of the PER.  Figure 3.8 plots these ratios for the settleable 
solids entrained in lateral pavement sheet flow to the PER and strained at the CPP surface of the 
PER.  Results indicate that for the coarser “schmutzdecke” solids strained on the surface, the 
dm/dp ratio could drop below 10, while for the suspended solids filtered by the OCS the ratio 
always exceed 20.  Such ratios indicate that the “schmutzdecke” was capable of straining as well 
as filtration of influent particles, resulting in the schmutzdecke, CPP and OCS loaded by 


















































































Figure 3.7 Variation of number volume mean size for PER influent and effluent   
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Figure 3.8 Plots of dm/dp ratios for strained “schmutzdecke” solids (plots on left) and OCS 
median diameter (plots on right) to median suspended particle diameter based on mass.  Values< 
10 indicate physical chemical filtration, > 20 indicate straining predominates, and between 10 
and 20 indicate “deep-bed filtration”.  
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The removal of suspended particles in terms of both mass and particle number is shown 
in Table 3.3.  The minimum removal rate based on 95% confidence level is also shown in Table 
3.3.  Although the removal efficiency based on the concentration was variable because of the 
variation of loading rate, the minimal removal rates were well above 50% based on both mass 
and concentration.  With the exfiltration of the influent runoff to the PER, the total mass and 
total particle number were reduced significantly in the PER effluent.  The Mann-Whitney 
method was employed to evaluate the difference between influent and effluent.  At a 95% 
confidence level, the Z value needed to be greater than 1.96 to show significant difference.  The 
Z values for number concentration and total number between influent and effluent were 7.49 and 
7.69 respectively, indicating a statistically significant difference. 
Table 3.3 Particle separation efficiency based on mass and particle number. 
Concentration 
Items Event date Influent Effluent Removal Mean St.dev. Minimum Removal1 
25 Nov. 96 25,133,527 95,993 99.62 
16 Dec. 96 19,122,964 38,017 99.80 
Number 
(Counts/ml) 
12 Jun. 97 8,108,284 655,041 91.92 
97.11 4.50 88.30 
25 Nov. 96 7534.5 269.4 96.42 
16 Dec. 96 8552.3 377.0 95.59 Mass (mg/L) 
13 Jun. 97 3669.4 1061.7 71.07 
87.69 14.41 59.46 
Total number or mass 
Items Event date Influent Effluent Removal Mean St.dev. Minimum Removal1 
25 Nov. 96 4,879,473,217 4,514,995 99.91 
16 Dec. 96 4,919,232,569 2,902,589 99.94 
Number 
(Counts) 
12 Jun. 97 3,719,853,564 124,347,881 96.66 
98.84 1.89 95.14 
25 Nov. 96 1,462,762 12,673 99.13 
16 Dec. 96 2,200,005 28,785 98.69 Mass (mg) 
12 Jun. 97 1,683,429 201,548 88.03 
95.28 6.29 82.96 
1.  Minimum removal efficiency is determined at a 95% confidence level     
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Suspended particle data for each event was modeled using a single two-parameter 
cumulative power law function, although over a wider particle size range an argument for a 
variable exponent power law could be made.  For each event the mean of the particle number 
(count) data of all event samples are plotted as a function of lnv in Figure 3.9.  Table 3.4 provides 
a summary of results for modeling of these data.  For all events, the correlation coefficients for 
the cumulative power law were typically > 0.97.  The reduction of parameter α from influent to 
effluent was statistically significant for each event and was a function of hydrological loading.  
The variation of β differed from event to event also as a function of hydrologic loading. 
Table 3.4 Parameters and fit of Power Law Function for  
 
Parameters Data sets 
α  β  R2 
Number of 
samples 
Influent 9.008 3.444 0.994 20 
25-Nov-96  
Effluent 6.586 3.464 0.989 7 
Influent 8.753 3.170 0.982 13 
16-Dec-96  
Effluent 5.828 2.907 0.998 14 
Influent 8.698 3.287 0.978 12 
12-Jun-97  
Effluent 7.762 3.532 0.970 16 
 
While more sophisticated flow models as compared to a first-order filtration model are 
available, the filter coefficient, λ provides an index of filter performance for a given size of 
suspended particle.  λ can be thought of as a rate constant, providing an indication of the balance 
between particle deposition in the PER and export of particles from the PER.  For the PER, the 
event mean λ was examined as a function of suspended particle size for each captured event.  In 
addition, the event mean volumetric fraction, V/V0 of particles remaining in the PER effluent 
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was examined as a function of suspended particle size.  The volumetric fraction of particles 




















































































Figure 3.9 Modeling of suspended solids (TSS) particle size distribution to power law functions. 
( `                 )  
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Figure 3.10 plots both the event mean λ and event mean V/V0 as a function of particle 
size for each captured event.  A number of results can be discerned from these plots.  First, V/V0 
is a function of hydrology.  The higher the event flow rate the lower the residence time in the 
PER and the higher V/V0 remaining in the effluent, providing a measure of particle separation 
efficiency of the PER.  With respect to λ , the lowest flow rate event of 16 December 1996 had 
the highest λ, with values of λ consistently decreasing as event mean flow rates increased for 
each of the other events, indicating that λ is also a function of the event hydrology.  The role of 
event hydrology on the function and performance of in-situ particle separation BMPs such as a 
PER is a critical conclusion, since the unsteady loading to in-situ filter cannot easily be 
controlled.  As would be expected, the filter coefficient and the volumetric fraction remaining are 
inverse responses. 
While Table 3.4 summarized the mean α and constant β values across each event, 
temporal variability of α and β values existed for each event.  This variability is plotted as a 
function of time in Figure 3.11.  While the influent and effluent α values representing an index 
for total particle number each demonstrate little variability as a function of elapsed time while 
the difference between the influent and effluent α values was statistically significant.  Consistent 
with other results, the difference between influent and effluent α values can be linked to the 
hydrology where the higher the volumetric flow rates through the PER, the lower the difference 
in α values.  This difference indicates effective removal of particles by the PER as a function of 
elapsed event time.  Generally, the parameter β did not change significantly from influent to 
effluent.    The higher hydraulic loading of the 12 June 1997 resulted in an effluent β value that 
was higher than the influent, indicating the reduced removal of fine particles due to the low 





































































































































































Figure 3.10 Experimental removal efficiency as a function of particle size  
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Figure 3.11 Variation of power law function coefficient α and β  
The gradations of the influent particles (primarily settleable/sediment solids by mass) that 
were strained by the PER at the CPP surface and formed a “schmutzdecke” on the CPP surface 

























































had d50 values of each of the gradations, while varying from 401 to 323 µm, that remained 
consistently in the sand-size range of particulate matter.  All gradations were well-graded and 
had a Cu remained in the range of 3.4 to 4.7 and a Cc that remained within the range of 0.87 to 
1.27.   
CONCLUSIONS 
Results indicate that the ratio of dm/dp could drop below 10 for CPP surface 
schmutzdecke but always exceeded 20 throughout each event for OCS media.  Such ratios 
indicate the filtration, and to a lesser degree surficial straining by the “schmutzdecke” was 
effective and ensured that only the smaller particles would enter the bed of OCS below the CPP.  
The likely removal mechanism for these particles in the OCS bed was physical-chemical 
filtration.  As a result of the exclusion of particles through surficial filtration and straining by the 
schmutzdecke and CPP, the service life of the filter bed can be extended.  The difference of 
number volume mean size between influent and effluent decreased in low intensity events with 
elapsed time but increased in high intensity events.  However, the differences for all these events 
remained less than 1-µm.  
Modeling of the particle size distribution using a power law function demonstrated that a 
single cumulative power law could be used to reasonably describe suspended particle gradations 
between 2 and 75-µm particle size range, although a power law model incorporating an exponent 
that varies with diameter would be suggested over a wider range of particles sizes (less than 2-
µm and greater than 75-µm).  Additionally, the power law function parameter α was shown to be 
a good index for removal efficiency and was a function of hydrology.  Similarly, examination of 
the filter coefficient λ and volumetric fraction (V/V0) of particles remaining were also a function 
of hydrology.  The lowest flow rate event had highest λ and lowest V/V0 value.  
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Statistical analysis demonstrated that the performance of the PER is a function of event 
hydrology and hydrologic-based performance of in-situ particle separation by BMPs such as a 
PER is a critical conclusion from this study, since the unsteady loading to in-situ filter cannot 
easily be controlled.  The removal efficiency was variable due to the unsteady nature of the 
hydraulic loading rate to the PER.  Therefore, unless there are hydrologic controls immediately 
upstream of such BMPs (and this is rarely the case for in-situ BMPs), planning and design must 
account for the unsteady water quantity and quality loadings.  Solids mass strained by the CPP 
was dominated by the 150 to 2000-µm range with peak mass and surface area values occurring at 
300 to 400-µm.   In lieu of non-structural approaches such as source controls (i.e. pavement 
cleaning) or mass trading/offsetting frameworks, infiltration-exfiltration BMPs have the potential 
to be effective controls for in-situ particle separation if properly designed, maintained, and 
monitored.   However, given the particulate loadings in many urban areas effective performance 
and avoidance of failure will require regular maintenance and monitoring. 
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NOMENCLATURE 
A : Total cross-sectional area of CPP cone   (mm2) 
Ap : Pore area of CPP      (mm2)   
C : Concentration of suspended particles in fluids   (mg/L) 
CPP : Cementitious porous pavement 
Cu : Coefficient of uniformity (d60/d10)    (-) 
Cc : Coefficient of concavity (d302/(d60 x d10)   (-) 
CNT : Particle number concentration    (Counts/ml) 
dm : d50 of granular filter media or CPP pores   (µm) 
dmin : minimum diameter      (µm) 
dp : d50 of suspended particles size    (µm) 
d10 : Size with 10% of total solids being finer by mass  (µm) 
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d30 : Size with 30% of total solids being finer by mass  (µm) 
d50 : Size with 50% of total solids being finer by mass  (µm) 
d60 : Size with 60% of total solids being finer by mass  (µm) 
d90 : Size with 90% of total solids being finer by mass  (µm) 
h : Difference of water level representing moisture tension (cm)  
L : Depth of filter bed      (m) 
n : Number of measurements     (-)  
N : Number of particles      (Counts) 
ln : Equivalent particle size in nth size section    (µm) 
lNV : Number volume mean size     (µm) 
NT : Total particle number     (Counts) 
OCS : Oxide-coated sand 
PAH : Polycyclic aromatic hydrocarbons 
SS : Settleable solids 
SMC : Site mean concentration 
V/V0 : Volumetric fraction of remaining    (-)  
α : Index for total particle number     (-) 
β : Gradient of the power law function on a log-log plot  (-) 
µ : Mean value 
λ : First order filter coefficient     (m-1) 




TRANSIENT RAINFALL-RUNOFF LOADINGS TO A PARTIAL EXFILTRATION 




Modification of rainfall-runoff processes by urban and transportation infrastructure and 
anthropogenic activities impacts the quantity and quality of receiving waters and the surrounding 
environment.  Infiltration-exfiltration systems such as a partial exfiltration reactor (PER) when 
loaded by transient sheet flow have the potential to attenuate the impact of both the quantity and 
quality of urban runoff.  These in-situ systems are subject to highly variable water quality and 
quantity while functioning under variably saturated flow conditions.  To improve the 
understanding of the performance of the field-scale PER as a rainfall-runoff BMP, a 2D 
numerical model was used to simulate the effluent hydrograph and water content profiles under 
transient hydraulic loadings.  Richard’s equation was applied in the model using parameters 
estimated from laboratory experiments and hydrographs measured for an in-situ PER.  The 
dynamics of the water content with time illustrated the ability of the PER to lower peak flow, 
redistribute volume, and attenuate temporal aspects of the inflow hydrograph.  The attenuation of 
water quantity also provided promising results on improving water quality, shown as removal of 
suspended solids and dissolved Cu in the runoff.  Simulation of the same historical events for 
different surrounding soils illustrated the role of surrounding soil conditions on the performance 
of the PER.  Simulation of three design storm events with 1, 2, and 5 year return period showed 
that the exfiltration capacity of the surrounding soil met limitation for intense events, with 
bypass occurring.  Evaporation was the dominant mechanism for drying process in the top layer 
of the PER.  During summer time, it took less than 2 days to dry out the upper porous pavement 
of the PER.   
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INTRODUCTION 
Control and reuse of rainfall-runoff has become a significant challenge in the built 
environments.  This challenge increases with the growth of urban population and urban 
infrastructure.  The build environment is growing and indelibly changing the landscape.  Open 
areas and pervious soils are being transformed into houses, shopping centers, roadways and 
parking lots, which all have a common hydraulic property; modification of rainfall-runoff 
quantity and quality processes through imperviousness.  Rainfall, which was once infiltrated into 
soils covered by vegetation, recharging aquifers and maintaining stream base flow and waterway 
health, is now rapidly conveyed from impervious surfaces, through extensive hydraulic 
conveyance systems, possibly through best management practices (BMPs) and finally into 
receiving waters without much infiltration.  As a result, this rainfall is no longer a resource but a 
liability.   
Additionally, rainfall-runoff from impervious urban area is capable of increased 
entrainment and delivery of dissolved and particulate constituents because of more effective 
conveyance by impervious urban surfaces (Sansalone et al. 1998, Lee and Bang 2000, Muller 
and Sigg 1990).  Increased peak flows, increased volumes and reduced lag times can overload 
most existing drainage appurtenances and municipal wastewater plants, and increase the loadings 
transported to BMPs and receiving waters.   
Numerous studies of in-situ BMPs utilizing infiltration that can control water quality or 
quantity have been conducted.  Investigation on the role of a grassed median and shoulder area in 
controlling water quality of the rainfall-runoff from highway surface demonstrated that 
constituent retention could occur in the grassed median given specific slop and length of the 
median (Barrett et al. 1998).  Experiment with rainfall-runoff infiltration by porous asphalt 
pavement demonstrated that porous pavement can retain a large fraction of constituents (Pratt et 
 95 
al. 1989, Colandini et al. 1995).  Experimental simulation of rainfall-runoff through an asphalt 
porous pavement with a lower reservoir structure demonstrated the function of peak flow 
reduction and improvement of water quality (Legret et al. 1999).  
An in-situ partial exfiltration reactor (PER) combines the concept of an upper porous 
pavement layer and an adsorptive filter media bed below the porous cap.  This system has been 
employed along linearly-extended paved urban area as a control strategy (BMPs) to expand the 
concept of urban rainfall-runoff management to include control of water quality and quantity 
parameters.  The configuration and performance of the PER has been investigated for particle 
separation and surface complexation of metal onto the adsorptive media (Sansalone and Teng 
2003, Teng and Sansalone 2003).  Results of the investigation indicated that the PER prototype 
significantly reduced the rainfall-runoff volume by exfiltrating part of the inflow into 
surrounding soil and significantly reduced the constituents loads.  Additionally, the PER also 
detained runoff volume that reduced the peak flow and extended the time to peak flow.   
The use of measured or estimated hydraulic properties with formulations such as Darcy's 
law and Richards' equation permit quantification of water movement under unsaturated 
conditions.  The water content and the flow rate of water are often very directly of interest, for 
example in evaluating the filtration efficiency (Teng and Sansalone 2003).  Experimental 
measurement and numerical modeling are two important approaches to study the variation of 
water content and flow rate as functions of hydrological loadings.  Avraam and Payatakes (1995, 
1999) studied experimentally the steady-state two-phase flow in porous media using a model 
pore network of the chamber-and-throat form, etched in glass.  Results showed the conventional 
relative hydraulic conductivity is strong function not only of the water saturation, but also the 
number of capillaries and wettability under certain porosity and grain size.  Imaging the pore 
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space and water flow inside porous media has been attempted by using magnetic resonance 
tomography with the spatial resolution of 0.5 × 0.5 × 0.5 mm3 (Baumann et al 2000).  However, 
with the limitation of the resolution, a direct in-situ mapping on those pores that are smaller than 
500 µm was not possible.  Even on the basis of signal-to-noise ratio, the smallest possible 
“voxel” size required was 0.2 × 0.2 × 0.2 mm3 (Baumann et al. 2000).  Investigation has shown 
that pore sizes of engineered porous media for a prototype PER, that are smaller than 200 µm 
and 500 µm, occupied over 30% and 90% of the pore size distribution, respectively (Teng and 
Sansalone 2003).  In addition, techniques to directly determine some properties of porous media 
and some parameters in flow condition are often unavailable for field-scale measurement 
(Jacques et al. 2002).  Therefore, the knowledge provided by experimental measurement 
approach needs to be coupled with modeling and simulation.   
Numerous studies have been conducted on the modeling and simulation of the flow in 
unsaturated zone soils (Touma and Vauclin 1986, Kohler et al. 2001, Hassan 2001, Henry et al. 
2001, Izbicki et al. 2000).  Calibration of Richards’ equation to a field-scale water flow very well 
reproduced the dynamics of the water content with time (Jacques et al., 2002).  Johnson et al. 
(2001) compared the mechanistic models with neural network simulation, empirical model, as 
well as experimental measurement applied to a municipal solid waste incinerator ash landfill.  
The two mechanistic models, with and without preferential flow, were conducted under limited 
media properties and boundary conditions.  The results were promising using inversely fitted 
parameters and estimated initial conditions (Johnson et al. 2001).  Although infiltration of storm 
water can be an important factor for in in-situ BMPs such as detention basins, vegetated swale, 
and wetlands, most steady flow studies have focused on either water balance or contaminant 
straining instead of the processes of infiltration and filtration (Colandini et al. 1995, Pratt et al. 
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1989, Legret et al. 1999)  Studies concentrating on the water flow for transient variably saturated 
media are even less common, especially in a filter-media filled reactor open to the surrounding 
soil and underdrain system. 
One of the few studies that focused on the process of infiltration was a study that used 
finite element grids to represent the PER system in SWMS, a numerical model which relies on 
Richards’ equation (Li et al 1999).  Their study calibrated the numerical model to simulate 2D 
variably saturated flow based on field measured PER effluent hydrographs.  However, Li et al 
(1999) only focused on simplified condition of steady hydraulic loading of 1.4 cm/minute for a 
2-hour period followed by a 4-hour free drainage time.  Although different water content profiles 
of the PER were simulated for different surrounding soil types and initial conditions, the 
simulation did not provide the variation of the water contents with time under unsteady loadings.  
The steady state flow condition did not represent the actual transient loading conditions.   
During the drying process between storm events, the water contents in the PER continue 
to change due to unsaturated drainage and evaporation.  Evaporation is an important factor 
during this process for both surrounding soil and PER components especially for the surficial 
layer.  However, studies have not examined the role of evaporation on the water content profile 
in BMPs such as a PER.   
OBJECTIVES 
Previous research has investigated the response of the PER system to steady loadings 
under different surrounding soil conditions (Li et al 1999).  Previous research has also 
investigated the particle separation mechanisms and treatment capability of the PER for selected 
metals (Sansalone and Teng 2003, Teng and Sansalone 2003).  However, the response of the 
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PER to unsteady event loadings, evaporation and design storm scenarios has not been 
investigated.   
The main goal of this study was to examine the response of a typical linearly extended 
partial exfiltration reactor system (PER) as an urban BMP to transient hydrologic loadings.  This 
study combined numerical flow modeling and field-scale experimental data.  The first objective 
was to examine the PER water quantity response based on measured data for a series of discrete 
historical events. The water quality function of the PER was also examined for these historical 
events for selected particulate and dissolved parameters.  The second objective was to examine 
the variation of the PER response for different surrounding soil types.  The third objectives was 
to evaluate the PER water quantity response for design storm events.  Using the calibrated 
variably saturated PER model, water content profile was also developed to illustrate water 
movement inside PER under storm loadings.  A fourth objective was to examine the dynamics of 
the water content with time at different depth in PER which were simulated to illustrate the 
relation between effluent flow rates and water content variation.  Evaporation was incorporated 
in the drying process of the PER to quantify the effect of the evaporation for different climate 
conditions.  Finally, the degree of bypass or overflow has important implications for the 
attainment of concentration, mass and volume reductions.  Therefore, bypass of the PER was 
quantified for soil type and design event level. 
BACKGROUND 
Unsaturated porous media consist of three phases: liquid; solid; and air phases.  For 
water-wet solid surfaces, these three phases lead to liquid-solid and air-liquid interfaces.  Particle 
filtration within unsaturated porous media is significantly controlled by the presence of these two 
interfaces while these interfaces are controlled by the water content in the unsaturated medium.   
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The hydraulic conductivity, K has a highly sensitive and nonlinear dependence on the 
water content in the media bed and reaches maximum when saturated.  This non-linear relation 
coupled with the water retention curve complicated the simulation of unsaturated flow.  
Generally, there are two types of numerical models that are relevant to calculate the unsaturated 
flow infiltration, water-balance model and the models based on Richards’ equation (Stephens 
1996).  Darcy’s law was coupled with mass conservation and extended to unsaturated flow 
condition by Richards (1931) by representing the hydraulic conductivity as a function of suction 
potential or water content.  Richard’s equation in contrast to the water-balance model, allow the 
representation of the physical properties of the porous medium, including spatially varying 
hydraulic conductivity and water retention characteristics.  Numerical algorithms for Richard’s 
equation for simulating flow in variably saturated porous media in two dimensions solves 
Richards’ equation using finite difference numerical schemes.   
        (4.1) 
In this equation, q is flow rate (LT-1), K(Ψ), K(?) is the hydraulic conductivity (L/T) 
which is a function of water potential Ψ (L) and water content ? (L3/L3), H is the hydraulic head 
(L). 
The mass conservation equation is written as follows. 
        (4.2) 
and           (4.3) 
thus           (4.4) 
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In these expressions, t is time (T), Z is the elevation head relative to an arbitrary datum 
(L).  K(θ) is defined in the following expression (Stephens 1995). 
 
        (4.5) 
In this expression, k is the intrinsic permeability of the medium (L2) 
ρ is the density of fluid phase (LT-3) 
g is the gravitational constant (LT-2) 
µ is the dynamic viscosity of fluid (ML-1T-1) 
kr(θ) is the relative permeability (dimensionless, ranges from 0 to 1) 
Assuming that the air phase plays an insignificant role in the liquid flow process, the two-
dimensional isothermal Darcian flow of water in a variably saturated porous medium is depicted 
by the modified form of the Richards’ equation. 
        (4.6) 
In this expression, ? is the volumetric water content, h is the pressure head, xi (i=1,2) are 
spatial coordinates, t is time, KijA are components of a dimensionless anisotropy tensor KA, and 
K(θ) is the hydraulic conductivity function. 
The unsaturated hydraulic properties, θ(Ψ) and K(Ψ), are in general highly nonlinear 
functions of the pressure head.  The relationship between θ(Ψ) and K(Ψ)  can be described in  
van Genuchten equations and modification to these equations (Vogel and Cislerova 1988).  The 
soil water retention, θ(Ψ), and hydraulic conductivity, K(Ψ), functions are given by van 






                      (4.8) 
In these expressions, θs and θr are saturated and residue water content, respectively, m 
and n are dimensionless exponents, and m = 1-1/n, α is parameter, and Ks and Kr are saturated 
and relative hydraulic conductivity, respectively and Se is the degree of saturation.   
        (4.9) 
        (4.10) 
METHODOLOGY 
Experiment Site 
A full-scale PER was constructed along the down slope edge of continuous pavement 
section on I-75 in urban Cincinnati, Ohio.  The 15×20 m paved drainage area had a 2% slope 
across the 20 m towards the PER and a longitudinal slop of 0.04%.  The PER was 15 m long, 
loaded by lateral pavement sheet flow and was constructed in silty clays surrounding soils.  A 
schematic of the PER structure and simulation domain is shown in Figure 4.1.  The details of the 
experiment site and the construction of the PER were provided elsewhere (Sansalone and Teng 
2003, Teng and Sansalone 2003).   
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Numerical Modeling and Governing Equation 
The VS2DI code (Hsieh et al. 2000) was employed to simulate rainfall-runoff flow and 
water content profiles in 2D variably saturated media under transient hydraulic loadings by 
solving Richards’ equation as shown in equation 4.6.  Previous study showed that a 2D flow 
model is needed to get a reasonable picture of the wetting front moving through the PER when 
the initial degree of saturation at the boundaries was low, and the exfiltration loss from the 
unlined PER was high (Li et al. 1999).  To solve Richards’ equation, the van Genuchten (1980) 
relationship for water retention function and hydraulic conductivity function were used 
(equations 4.7 and 4.8).  The hydraulic properties of PER components and surrounding soils 
summarized in Table 4.1 were obtained from Li et al (1999), Carsel and Parrish (1988), and Leij 
et al. (1996).  Evaporation was first neglected during the intra-event duration because of the 
insignificant effect of evaporation for that short period of time during the rainfall-runoff 
processes, while incorporating evaporation in the drying process for the inter-event duration after 
a design storm event.   
Domain and Grid Design 
Two domains were designed for the water balance and boundary conditions. The main 
domain includes the 10-cm thick by 30-cm wide cementitious porous pavement (CPP), and the 
30-cm wide by 60-cm deep oxide-coated sand (OCS) filter bed.  A 10-cm diameter perforated 
underdrain pipe was located at the bottom of the OCS bed just above the undisturbed native silty 
clay soils.  A uniform-size grid with 50 columns and 80 rows was designed to include the 10 cm 
thick of surrounding soil on both sides and bottom of the 30-cm wide and 70-cm deep main 
domain.  In modeling the water flow from the OCS bed to the underdrain, the problem of how to 
represent the drain in the finite element grid and whether to treat the drain as a specified flux or 
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potential boundary, or as a possible seepage boundary, is encountered (Fipps et al. 1986).  
Representation of the tile drains as boundary conditions is a modification based on studies by 
Vimoke et al. (1963).  Calibration was conducted by adjust the initial equilibrium profile and 
hydraulic resistance of the perforated pipe to calibrate the flow into the drain domain.  
Calibration was conducted using 12 June 1997 event by minimizing the error of total effluent 
volume.  The other two historical events were then utilized to verify the calibrated parameters.  
The calibrated parameters and the parameters of hydraulic loading of each historical events and 




























Qin = Qef + Qex + Qbypass 
 
Figure 4.1 Schematic of a prototype PER illustrating physical situation and conceptual model 
parameters. 
The main domain is surrounded by silty clay soil with hydraulic properties summarized 
in Table 4.2.  Another 12 types of surrounding soils were also simulated for variations of water 
quantity response to different soil characteristics.  A drainage domain enclosed the component in 
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the model was used for calibrated hydraulic resistance of the underdrain pipe.  The output of the 
main domain provided the boundary conditions for the underdrain domain which was simulated 
subsequently.  The total influent for the underdrain domain was compared with measured 
effluent hydrograph to calibrate the hydraulic properties of the underdrain texture.  The hydraulic 
properties of the CPP, OCS and the surrounding silty clay soil were directly measured in the 
field and laboratory (Li et al. 1999). 
Table 4.1 Conditions for PER calibration and simulation. 
    Calibration Verification Simulation 






Ks cm/s 0.0111 0.0111 0.0111 0.0111 0.0111 0.0111 
Heq cm -76 -76 -76 -76 -76 -76 
Hydrologic parameters 
Qp L/min 77 2.6 9.1 356 413 471 
tc min 7 7 7 7 7 7 
tp min 12 29 32 12 12 12 
V L 464 119 106 5955 6904 7876 
td min 57 69 83 110 111 112 
C - 0.75 0.29 0.47 0.75 0.75 0.75 
Ks: Hydraulic conductivity of drainage boundary       
Heq: initial equilibrium profile  V:  Total runoff volumn  
Qp: Peak flow rate   td:  duration time of the event  
tc: Time of concentration,   C:  runoff coefficient  
tp: Time to peak flow       
Surrounding soil: silty clay with minimum water content     
Design Storm Event 
Design storm events were created based on 1-year, 2-year, and 5-year return intensities 
and a duration of 1-hour.  The peak flow rate of runoff Qp was estimated using the rational 
method given the small drainage area (300-m2), sloped flow path (2%), and pavement surface 
(Malcom 1989). 
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Table 4.2 Hydraulic parameters of PER components and surrounding soils 
 
PER 
Component Kz/Kh Ks Porosity RMC α n 
OCS 1 1.386 0.362 0.051 0.145 2.68 
CCP 1 11.75 0.26 0.03 0.011 1.37 
Drain 1 0.666 0.5 0 5.0 10.0 
Silty clay 1 3.34E-04 0.36 0.07 0.005 1.09 
Soil Type 
Sand 1 0.495 0.43 0.045 0.145 2.68 
Loamy sand 1 0.243 0.41 0.057 0.124 2.28 
Sandy Loam 1 0.0738 0.41 0.065 0.075 1.89 
Sandy Clay loam 1 0.02184 0.39 0.100 0.059 1.48 
loam 1 0.0173 0.43 0.078 0.036 1.56 
Silt loam 1 0.0075 0.45 0.067 0.020 1.41 
Clay loam 1 0.00433 0.41 0.095 0.019 1.31 
Silt 1 0.00416 0.46 0.034 0.016 1.37 
Clay 1 0.00334 0.38 0.068 0.008 1.09 
Silty clay loam 1 0.00116 0.43 0.089 0.010 1.23 
Impermeable - 0 - - - - 
 
OCS:    Oxide coated sand with d10=0.52mm, d50 = 1.16 mm, d90 = 1.84 mm (Sansalone 1999).  
CPP:     Cementitious porous pavement. Minimum diameter of pore space: dp10 = 1.43 mm, dp50 
= 2.39 mm, dp90 = 3.70 mm (Teng and Sansalone, 2004). 
Kz/Kh:  Ratio of hydraulic conductivity at axial direction to horizontal direction.   
Ks :      Saturated hydraulic conductivity (cm/min).      
RMC:   Residual moisture content (dimensionless).      
α:         Parameter in van Genuchten model. Must be positive (1/cm).  
n:          Parameter in van Genuchten function (dimensionless).  
Porous pavement, filter sand media and silty clay data are from Li et al. (1999).  Soil data are 
from Carsel and Parrish (1988). 
Q = KcCIA      (4.11) 
 In this expression, Q is the total runoff volume (ft3/s), Kc is conversion factor (1.008 for 
conversion from ac-in/hour to ft3/s), C is the volumetric runoff coefficient (dimensionless), taken 
from an equilibrium C = 0.75 from the 12 June 1997 event (Cristina and Sansalone 2003).  A is 
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the drainage area (acre), and I is the design rainfall intensity (inch/hour) based on 1, 2, and 5-
year return periods using the following IDF equations for Cincinnati (Hamilton County 1996). 
    for 1 year return period (4.12) 
   for 2 year return period (4.13) 
   for 5 year return period (4.14) 
In these equations, tc is the time of concentration which was determined as 7 minutes 
according to Cristina and Sansalone (2003).  The hydrograph is determined according to the step 
function devised by Malcom (1989): 
     for  0≤ t ≥ 1.25 tp  (4.15) 
 for t > 1.25 tp   (4.16) 
In these equations, t is elapsed time (minute), tp is the time (minute) to peak of the design 
hydrograph, measured from the time of significant rise of the rising limb to the time at which the 
estimated peak occurs.  The time to peak, tp was selected as 12 minutes based on the historical 
event on  12 June 1997.  Qp is the peak flow rate (L/minute). 
Evaporation 
To illustrate the role of drying process after a rainfall-runoff ends, evaporation was 
simulated based on the meteorological and geographical data for Cincinnati site as shown in 
Table 4.3.  The combined aerodynamic and energy balance method was applied to quantify the 
evaporation rates as expressed as follow (Wanielista 1990, Chow et al. 1988). 
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       (4.17)  
In this equation, gradient of the saturated vapor pressure ∆ (Pa/oC) is calculated as: 
       (4.18) 
 
and psychrometric constant γ (Pa/oC) is calculated as: 
            (4.19) 
In this equation, the latent heat of vaporization lv = 2.501×106 – 2370 × T, with the unit 
of J/kg.  T is the air temperature (oC).  Er and Ea are evaporation rates based on aerodynamic 
method and energy balance method, respectively.  Er can be calculated as the rate at which all the 
incoming net radiation is absorbed by evaporation by assuming the sensible heat flux and ground 
heat flux are both zero (Chow et al. 1988): 
       (4.20) 
In this equation, Rn is the net radiation with the unit of W/m2 and ρw is the water density 
(kg/m3).  Rn is calculated according to the latitude and solar constant, and meteorological data.  
Ea can be calculated using vapor transfer coefficient B and the gradient of vapor pressure shown 
as follow (Wanielista 1990, Chow et al. 1988): 
Ea = B(eas-ea)      (4.21) 
       (4.22) 
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Table 4.3 Evaporation rates for different climate conditions in Cincinnati 
 
Evaporation and climate parameters in Cincinnati 25 Nov 96 16 Dec 96 12 Jun 97 
Latitude α 39"N 39"N 39"N 
Weather − Autumn Winter Summer 
Declination β -10" -10" +10" 
Air temperature, Ta 
oC (mean) 6.5 7 20.5 
Dew point oC 5.9 4.6 17.4 
Relative humidity % 0.96 0.85 0.82 
Sea Level Pressure kPa 101.76 101.86 101.13 
Air density, ρa kg/cm
3 1.234 1.234 1.18 
Water density, ρw kg/cm
3 980.6 980.6 978.8 
Wind velocity, u2 m/s 22.35 22.35 22.35 
Roughness Height, z0 m 0.08 0.08 0.08 
Saturated vapor pressure, eas Pa 968 1002 2412 
Vapor pressure, ea Pa 929 849 1988 
Evaporation rate, aerodynamic method, Ea mm/d 1.46 5.72 15.80 
        Vapor transfer coefficient, B m/Pa s 3.72E-02 3.72E-02 3.72E-02 
Evaporation rate, Energy balance method, Er mm/d 9.87 7.17 14.49 
        Net radiation, Rn w/m
2 278.33 202.20 402.64 
        Latent heat of vaporization, lv J/kg 2.49E+06 2.48E+06 2.45E+06 
Gradient of saturated vapor pressure curve, ∆ Pa/oC 66.76 68.81 148.75 
Psychrometric constant, γ Pa/oC 66.15 66.25 66.63 
Evaporation rate, combination method, E mm/d 5.68 6.46 14.90 
In this equation, k is von Karman constant, usually taken as 0.4, ρa is the air density, and 
u2 is the wind velocity at 2 meter height, the average vehicle velocity of 50 miles per hour is used. 
p is air pressure, and z2 and z0 are respectively 2 meters and the roughness height of the surface 
taken as 0.8 (Wanielista 1990, Chow et al., 1988). 
The role of evaporation during the intra-event duration was quantified for each of the 
historical events under the measured meteorological conditions and compared to the condition if 
evaporation was not involved.   The role of evaporation for design storms was also quantified but 
for early winter conditions in Cincinnati with temperature above freezing.  The resistance to 
 109 
vapor transport inside the porous pavement was neglected for two reasons.  First, the evaporation 
is a slow process in which the controlling step is the vaporization.  Second, the pore space of the 
CPP is highly interconnected and the vapor permeability of the CPP is much higher than 
surrounding silty clay soils.    
RESULTS AND DISCUSSION 
Calibration and Verification of Numerical Model 
Of the three historical event studied, the event of 12 June 1997 was most intensive as 
illustrated in Figure 4.2.  In less than 80 minutes, the rainfall-runoff event delivered 464 liters of 
runoff to the 15 m long and 30 cm wide PER surface from 300-m2 of pavement surface.  The 
effluent of the PER was approximately 192 L (42% of the total influent volume) after exfiltrating 
the balance of the influent (58%) to surrounding soil.  The peak flow was reduced from 77 
L/minute to 11 L/minute.  The total suspended solids (TSS) and dissolved Cu delivered in the 
influent of the PER were 48-g and 15-mg, respectively.  Approximately 20% of these 
constituents were discharged in the effluent from the PER.  This event was selected as the 
calibration event to determine the initial equilibrium and hydraulic resistance of the drainage 
boundary.  Calibrated model parameters are summarized in Table 4.4. 
The PER calibration parameters were verified on two historical storm events measured on 
25 November 1996 and 16 December 1996 as shown in Figures 4.3 and 4.4.  The rainfall 
intensity, cumulative flow volume and incremental flow rate as well as TSS and dissolved Cu for 
both influent and effluent of the PER are presented as a function of elapsed time.  For the event 
on 25 November 1996, the 64-minute rainfall delivered 119 liter of runoff from the pavement 
into the PER with a peak flow of 3.2 L/minute.  Abstractions caused by the high vehicle-runoff 
volume ratio (47 vehicles/L of runoff as compared to 33.3 vehicles/L and 1.3 vehicles/L of 
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runoff for 16 December 1996 and 12 June 1997 events, respectively) is considered as the reason 
for the lower runoff coefficient 0.29.  For this event, approximately 29% (34.5 L) of the influent  










tb (min) 14 15 6.67 
tp (min) 22 21 -4.76 
Vef (L) 191.89 191.25 -0.33 
Vex (L) 262.22 262.87 0.33 
Qp (L/min) 11.44 11.78 2.87 
12 Jun 97 
Vev (L) - 67.05 - 
tb (min) 79 76 -3.95 
tp (min) 95 98 3.06 
Vef (L) 79.2 70.992 -11.56 
Vex (L) 26.3 34.53 23.83 
Qp (L/min) 2.27 2.24 -1.34 
16 Dec 96 
Vev (L) - 28.8 - 
tb (min) 48 45 -6.67 
tp (min) 63 63 0.00 
Vef (L) 34.45 37.73 8.69 
Vex (L) 84.96 81.68 -4.02 
Qp (L/min) 1.77 1.79 1.12 
25 Nov 96 
Vev (L) - 25.56 - 
tb:    breakthrough time    
tp:    time to peak time    
Vef:  effluent volume    
Vex:  exfiltration volume    
Qp:   peak effluent flow rate 
Vev:  daily evaporation volume   
volume was discharged through underdrains while the balance (71%) was either exfiltrated to 
surrounding soil or retained inside the PER pore space. The simulation results over-predicted the 
total volume of effluent discharged from PER by approximately 8.7%.  Similar to the calibration 
event, the predicted hydrograph initiated and increased slightly ahead of measured hydrograph.  
The TSS delivered in this rainfall-runoff event was 25-g while only 2-g was discharged in the 
effluent showing a removal of over 90%.  The total dissolved Cu was reduced from 4.5-mg to 
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0.5-mg.  For the event on 16 December 1996, the total influent flow into PER was 106 L with a 
runoff coefficient of 0.47.  The peak flow of the runoff flowing into the PER was reduced from 
3.5 L/minute to just 2.3 L/minute discharging from the PER underdrain.  The hyetograph, 
measured influent and effluent hydrograph, simulated effluent hydrograph, cumulative TSS and 
dissolved Cu in both influent and effluent are shown in Figure 4.4.  The simulation under-
predicted the total effluent flow of approximately 11.6%.   Based on the simulation result, 
approximately 67% (80 L) of the influent volume reached the underdrain while the balance of 
influent (33%) was either exfiltrated to surrounding soil or retained inside PER pore space.  The 
TSS in the influent was 25-g and only 1.1-g was discharged from the effluent indicating the 
removal rate over 95%.  Similar to the low flow rate event of 25 November 1996, the removal of 
dissolved Cu was also high and reached 82% (0.6-mg in effluent and 3.1-mg in influent).  
Surrounding Soils 
For the same transient hydraulic loadings of the historical event on 12 June 97, the PER 
will respond differently to differing surrounding soil types which have differing hydraulic and 
physical properties.  The role of differing soil type to transient historical loadings such as the 12 
June 1997 event is shown in Figure 4.5.  The hydrograph parameters for different surrounding 
soils are summarized in Table 4.5.  Results indicated that for all soil conditions there was no 
bypass (all flow infiltrated into the PER).  As expected soils with highest hydraulic conductivity 
produced the lowest peak effluent flow rate and volumes, while tp for the effluent was greater for 
highly conducted soils and lower for more impermeable soils.  For the sand which has highest 
hydraulic conductivity, the time to peak flow was 36 minutes as compared to 20 minutes for 
impermeable boundary.  Peak flow rate was significantly lowered and the total volume was 
largely reduced. 
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Figure 4.2  Influent and effluent for the 12 June 1997 calibration rainfall-runoff event. 
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Figure 4.3  Influent and effluent for the 25 November 1996 verification rainfall-runoff event. 
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Figure 4.4  Influent and effluent for the 16 December 1996 verification rainfall-runoff event 
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Silty clay         (tp = 20 min)
 
Figure 4.5  Simulated effluent hydrograph with different surrounding soil during storm event on 
12 June 97 (No bypass for any soil condition). 
Water Content Profiles 
The variation of water content distributions inside the PER under transient hydraulic 
loadings of three rainfall-runoff events were modeled.  The variation of the water content in time 
and depth illustrate the variably saturated transport conditions inside the PER for particles and 
water quality constituents.  Seven water content profiles in the PER at different elapsed time 
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during each rainfall-runoff event are shown in Figure 4.6.  The water content value at any depth 
is the average of water content values at 30 computational nodes spanning the width of the PER. 
As shown in Figure 4.6, the initial water content in the PER was at a residual level under 
the initial equilibrium profiles.  Shortly after the initiation of the rainfall events, the water 
saturated the pores of the CPP.  As shown in Figure 4.6a, the 25 November 1996 event delivered 
a peak discharge that caused a sharp downward wetting front as shown in the 30 minutes profile.  
Then the saturation zone moved downward as the runoff flow rate increased.  By 50 minutes, the 
wetting front had reached the underdrain.  During 50 to 70 minutes, water content was evenly 
distributed in PER along the bed depth; however, the OCS was not fully saturated because of the 
exfiltration at the boundary of the OCS bed.  After the rainfall runoff stopped at 67 minutes, 
water drained under unsaturated condition from the OCS bed.  The saturation degree of the OCS 
decreased first at the upper part and the sloped “drying front” moved downward to the bottom of 
the filter bed.  The water content profiles in the PER during the storm event on 16 December 
1996 is shown in Figure 4.6b.  The sharp wetting front for the peak discharge as shown in 25-
minute profile is similar to that in 25 November 1996 event.  The movement of the wetting zone 
was similar to the 25 November 1996 event except for timing.  Water content profiles at different 
elapsed time during storm event on 12 June 1997 are shown in Figure 4.6c.  The wetting front 
was sharper as shown in the 10-minute profile as compared to previous two events due to the 
high flow rates.  The wetting zone moved downward more rapidly.  Unlike the previous two 
events, the water content was not evenly distributed when the wetting zone reached the 
underdrain at 12 minutes.  The upper part of the OCS bed was first fully saturated during peak 
flow but the water content decreased rapidly even though the influent did not cease until 59 
minutes.  The evaporation process for the PER was simulated for another 3 days for each event 
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after the effluent stopped.  The water content in OCS decreased to residual levels after 3 to 5 
hours through exfiltration to surrounding soils. However, the drying process of CPP depends on 
mostly the evaporation process due to the unevenly distribution of the pore size in CPP which 
caused more hysteresis.  The evaporation process involving with the climate condition was much 
slower, taking 2 days (for summer) or longer (under winter conditions) to dry out the CPP to 
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Figure 4.6  Water content (θ) profiles at different elapsed time. (a: 25 November 1996, b: 16 
December 1996, c: 12 June 1997), Z = 0 cm represents top surface of CPP and Z = 60 cm 
represents bottom of PER.  Existing surrounding soil type: silty clay.  Three days of evaporation 
process made 55%, 62% and 90% additional porosity available for each event, respectively. 
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Table 4.5.  Simulation results for different surrounding soils for event 12 June 1997. 



















(min) (min) (L/min) (L) (min) (%) 
Sand 0.052 26 36 2.58 73.48 34.60 15.84 
Loamy sand 0.078 21 33 3.37 86.21 31.66 18.58 
Sandy loam 0.139 19 30 4.62 105.24 27.44 22.68 
Sandy clay loam 0.238 17 23 8.76 192.23 25.00 41.43 
Loam 0.268 17 24 8.58 185.87 24.80 40.06 
Silt loam 0.353 16 22 10.34 211.50 23.25 45.58 
Clay loam 0.347 15 21 11.48 240.07 23.59 51.74 
Silt 0.376 16 21 12.06 253.24 23.63 54.58 
Clay 0.398 15 20 12.40 253.04 22.58 54.54 
Silty clay 0.353 15 20 11.94 212.38 20.35 45.77 
Impermeable - 15 20 15.28 467.17 29.15 100.68 
1  The initial equilibrium profile is -74 cm. Initial water content for OCS is 0.051 and CPP is 
0.228. 
2  Ratio of effluent discharged from underdrain to influent volume. 
Water Content Variation 
Figure 4.7 illustrates the variation of water content in the OCS bed as a function of 
elapsed time for each historical event for the site silt clay soils.  For all cases, the water contents 
at different depth in the PER bed illustrated a similar trend.  The fluctuation of the water content 
at 10-cm as a function of the influent flow rates was dampened by the PER and became smoother 
with depth as shown in the 50-cm curve.   
The fluctuation of influent flow is echoed by the variation of the water content.  With 
increasing depth, the water content profile flattens.  For these lower profiles not only was the 
peak delayed, but also the magnitude of the peak flow was reduced significantly.  The effluent 
hydrograph of these three historical events shown in Figure 4.7 follows the trend of the variation 
of water content at the bottom of the PER.   
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Figure 4.7  Variation of Water Content (θ) as a Function of Time at Different Depth in PER for 
the existing site soils (silty clay). 
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Water content profiles of the PER for sand and silty loam surrounding soil as well as 
impermeable boundary during storm event on 12 June 1997 are shown in Figure 4.8.  Two 
typical soil types and impermeable boundary condition are presented illustrating differing PER 
behavior caused by different hydraulic conductivity and physical properties of the surrounding 
soils.  Sand had a comparatively higher hydraulic conductivity and larger pore size which was 
indicated by greater α and n values.  Therefore, the variation of water content in the lower part of 
the PER increased later and move slowly than that in the silty loam.  When surrounded by the 
sand, the water content of the OCS at 55 cm depth only had a maximum water content of 0.21 at 
elapsed time t = 40 minutes.   The water content of the OCS surrounded by silty loam reached 
0.26 at t = 32 minutes and that with impermeable boundary had a peak of 0.28 at t = 28 minutes.  
The results indicated that the sand can accommodate more infiltrated water, therefore resulting in 
lower peak flow rate and a flatter effluent hydrograph.  
Design Storm Event 
The influent and effluent hydrographs of design storms are shown in Figure 4.9 along 
with the variation of water content with elapsed time.  The parameters of simulated hydrographs 
for design storm events are summarized in Table 4.6.  For the 1-year return, 1-hour duration 
event, with the peak influent flow rates over 355 L/minute, the PER was close to saturation from 
20 minutes to 89 minutes.  The peak effluent flow rate was reduced to 97 L/minute while the 
total volume of runoff was reduced from 5954 liters to 4698 liters.  Approximately 19% of the 
influent volume was exfiltrated to the surrounding silty clay soil while 1.8% of the influent (105 
liters) was bypassed.  By comparison the exfiltration rates for the 2-year and 5-years return 
events were 11% and 5.6%.  Approximately 438 liters (6.3%) and 887 liters (11.3%) of influent 
were bypassed during the 2-year and 5-year events, respectively.  These exfiltration rates were 
 121 
significantly lower than those in all three historical events which had lower influent peak flow 
rate and total volume.  This indicated that the hydraulic capacity of the surrounding silty clay soil 
had limitation which hampered further exfiltration during design events.   













































































Figure 4.8  Variation of water content (θ) as a function of time for three representative 
surrounding conditions for the loading of historical rainfall-runoff event on 12 June 97. 
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Table 4.6  Parameters of simulated hydrograph of PER for design storm events 
 
Design 
storms Parameters Influent Effluent Exfiltration Bypass 
tb (min) 1 5 1 10 
tp (min) 12 22 10 22 
V (L) 5954 4698 1151 105 
 1 year 
return 
Qp (L/min) 355.82 97.20 30.3 33.00 
tb (min) 1 4 1 9 
tp (min) 12 22 9 22 
V (L) 6904 5674 791 438 
 2 year 
return 
Qp (L/min) 412.53 112.18 30.3 89.71 
tb (min) 1 4 1 8 
tp (min) 12 22 8 22 
V (L) 7876 6551 437 887 
 5 year 
return 
Qp (L/min) 470.60 126.87 31.5 147.78 
 
The dimensions of the PER is 30 cm wide × 15 m long.  Thickness of CPP and OCS is 10 cm 
and 60 cm; Surrounding soil is silty clay with Ks = 5.57e-6 cm/s.  
tb:    breakthrough time;  
tp:    time to peak time; 
V:  flow volume;  
Qp:   peak effluent flow rate;  
Ks for porous pavement is 0.196 cm/s;   
The water content variation at the depth of 15 cm, 35 cm, and 55 cm in the PER when 
subjected to these 3 design storm events are also shown in Figure 4.9.  The water content at each 
depth was nearly saturated for most of the discharge duration time.  The variations of water 
content did not show much difference among three design events with different return periods 
except for the point of time that the water content started to decrease.  The water content profiles 
at different elapsed times in these 3 design storm events are presented in Figure 4.10.  The 
wetting front of the 1-year return event moved downward rapidly and reached the underdrain at t 
=17 minutes.  The saturation zone moved downward as the runoff flow rate kept increasing.  
During 20 to 89 minutes, water content nearly saturated the whole PER.  With the decreasing 
influent thereafter, water drained gradually under unsaturated condition from the OCS bed.  For 
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the 2-year and 5-year return events, greater flow rate pushed the wetting front down to the 
underdrain at 16 and 15 minutes, respectively.  The evaporation process for the PER was 
simulated for another 3 days for each design event after the effluent stopped.  The water content 
in OCS decreased to residual levels after 5 hours through variably saturated exfiltration gradually 
to surrounding soils. However, the drying process of the CPP depended mostly on evaporation 
process similar to that of the historical events.  During winter (non-freezing) condition 
approximately 60% of the water content was dried up in 3 days by evaporation as compared to a 
total dry out for warmer summer conditions. 
Table 4.7.  PER volume and mass balances for measured historical storms.  The design storm 
balances are based on (1) modeled volume balances from VS2DT and (2) mass balances based 
on historical PER treatment performance.  Reduction based on comparison of influent and 
effluent quantities.  
  Events Influent Effluent Exfiltration to soil Bypass Reduction 
Site mean 
(%) 
Measured volume and mass balances for historical events 
a 119 34 85 0 71.4 % 
b 105 79 26 0 24.8 % 
Volume 
(L) 
c 454 192 262 0 57.7 % 
51.3 
a 205 51 51 - 75.1 % 
b 147 19.6 19.6 - 86.7 % 
TSS 
EMC 
[mg/L] c 72 33 33 - 54.2 % 
72.0 
a 39.2 16.7 16.7 - 57.4 % 
b 25.8 10.9 10.9 - 57.7 % 
Dissolved 
Cu EMC 
[mg/L] c 33.5 9.4 9.4 - 72.1 % 
62.4 
Modeled volume and mass balance for selected design storm events TSS Cu 
1-year 5954 4698 1151 105 21.1 % 70.7 61.3 
2-year 6904 5273 1193 438 23.6 % 67.4 58.4 Volume (L) 
5-year 7876 5759 1230 887 26.9 % 63.9 55.4 
Event a: 25 November 1996, event b: 16 December 1996, event c: 12 June 1997. 
Assume that removal effectiveness of TSS and Cu are the same for effluent and exfiltrated 






















































































































Figure 4.9  Simulation results of the water content variation at different depth inside PER under 
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Figure 4.10  Simulation results of the water content profile inside PER under design storm 
loadings for existing silty clay soil. (a) 1-year return storm (b) 2-year return storm (c) 5-year 
return storm.  Three days of evaporation process in winter before freezing made 55% additional 
porosity available. 
Based on the PER performance on water quality under historical rainfall-runoff events, 
the possible reduction of constituents in design storm events by the exfiltration/filtration of PER 
was calculated with the modeled water balances (Table 4.7).  With the site mean removal rate on 
TSS being 72%, the removal of TSS during design storm events ranges from 63% to 70 % with 
respect to the bypass percentage.    Removal of dissolved Cu in design storm events ranged from 
55% to 61%.  The removal rates in design storm events were slightly lower than site mean 
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removal rates for historical events because the part of the influent in design storm events was 
bypassed by the PER without any treatment due to limited hydraulic capacity.  However, the 
percent of bypass only occupied a small part of the influent even in the high intensity design 
storm events. 
CONCLUSIONS 
In this study, a 2D numerical unsaturated flow model, VS2DT, was utilized to examine 
the flow conditions and water content variations for an in-situ PER under transient hydraulic 
loadings.  This examination included both historical and deign storm events with differing 
surrounding soil conditions and evaporation considerations.  The discharge profile, volume and 
timing predicted by the VS2DT model matched the experimental measurement well.   
With the reduction of effluent peak flow and total effluent volume, the water quality was 
significantly improved as shown by index such as TSS and dissolved Cu under conditions of no 
bypass.  The removal of TSS in the PER was influenced to a greater extent by hydraulic loadings 
in comparison to dissolved Cu.  The removal of TSS was 80% for 12 June 1997 event which had 
highest hydraulic loading rates as a comparison of 90% and 95% removal for 25 November 1996 
event and 16 December 1996 event, respectively.  As for dissolved Cu, the removal rates were 
between 80% and 90% regardless the hydraulic loading rates. 
The influence of different soil conditions have been examined for transient hydraulic 
loading of the historical rainfall event of 12 June 1997.  Results indicated that for all soil 
conditions the peak effluent flow and total effluent flow were decreased and the time to peak 
flow was increased for higher hydraulic conductivity of the surrounding soil.  However, the 
influence of the hydraulic conductivity of the surrounding soil was not as significant as expected.  
The effluent hydrograph of the PER for silty clay which had a hydraulic conductivity 2 
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magnitude lower than the sandy clay loam had limited difference in term of time of initiation and 
peak flow rate.  As compared to the impermeable boundary, the peak effluent flow rate was 
reduced by exfiltration even in a less permeable surrounding soil.  This indicated the 
applicability of a properly-sized PER as an in-situ BMP capturing lateral pavement sheet flow 
even in unfavorable soil condition. 
The water content distribution inside the PER was simulated by the calibrated 2D model.  
The profiles of water content as a function of time illustrate clear trends of water movement and 
attenuation of the hydrograph with increasing depth in the PER.  The water content curve in the 
lower part of the PER shared the same trends of the upper part but was retarded and smoothed.  
The dynamics of the water content illustrated the function of the PER that lower the peak flow 
and extended the time to peak.  Simulations reproduced both the water content distribution at a 
given hydraulic loading rate and the dynamics of the water content with time.  These results are 
important for further study on the unsaturated flow filtration efficiency based on the saturation 
degree at different depth under similar conditions.  
Three design storm events with 1-year, 2-year, and 5-year return period were also 
simulated to evaluate the hydraulic performance of the PER under extreme conditions.  The 
exfiltration rates of each design events were much lower than that of three historical events.  This 
indicated that the exfiltration capacity of the surrounding soils of low hydraulic conductivity had 
limitations that hampered further exfiltration during design storm events.  However, for all 
design events the peak flow rate and total volume of effluent hydrograph were reduced and the 
time to peak was extended indicating the effectiveness of the PER during design storm events.  
Results can be used for modeling filtration efficiency and surface complexation under transient 
and variably saturated flow conditions.  Preliminary evaluation of the water quality function of 
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the PER under design storm events were conducted by combining the site mean removal rate and 
modeled water balances.  Results indicated that the PER had slightly lower removal rate for 
design events with part of the influent bypassed without treatment. 
Evaporation was simulated for the top CPP layer of the PER during the drying period 
after both historical events and design events.  The results were similar between historical and 
design storm events as indicated by similar water content in the CPP after the effluent ceased.  
However, climate conditions had a deterministic effect on the rate of evaporation.  For the worst 
condition in winter, only 60% of the water content in CPP was evaporated during 3 days after the 
storm event while the drying time in summer was approximately 2 days to reach a residual water 
content of 0.03. 
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NOMENCLATURE: 
Ψ Water potential;         (L) 
θ Volumetric water content;       (-) 
 131 
θs, θr  Saturated and residue water content  
θ(Ψ) Soil water retention;        (-) 
∆  gradient of the saturated vapor pressure;       (Pa/oC)  
γ psychrometric constant;         (Pa/oC)  
ρ, ρw Density of fluid phase;        (ML-3) 
ρ Air density;          (ML-3) 
µ Dynamic viscosity of fluid;              (ML-1T-1) 
A  Drainage area;         (acre)  
B  Vapor transfer coefficient;  
C  Volumetric runoff coefficient;       (-)  
Er  Evaporation rates based on aerodynamic method;    (L) 
Ea  Evaporation rates based on energy balance method;    (L) 
g Gravitational constant;        (LT-2) 
H  Hydraulic head;         (L) 
I  Design rainfall intensity;        (in/hr) 
k Intrinsic permeability of the medium;     (L2) 
k  von Karman constant, usually taken as 0.4,      (-) 
Kc  Conversion factor (1.008 for conversion from ac-in/hour to ft3/s),  
K(Ψ) Unsaturated conductivity which is a function of water potential Ψ;  (LT-1) 
K(θ)  Unsaturated conductivity which is a function of water content ?;   (LT-1) 
KijA  Components of a dimensionless anisotropy tensor KA;    (-) 
Kr(θ) Relative permeability (ranges from 0 to 1);     (-) 
lv  latent heat of vaporization, lv = 2.501×106 – 2370 × T,    (J/kg) 
m,α,n  Coefficients in equation 4.7, and m = 1-1/n,      (-) 
t  Time;           (T)  
T  Air temperature;         (oC) 
tc  Time of concentration;        (T) 
tp  Time to peak of the design hydrograph      (T) 
q  Flow rate;         (LT-1)  
Qp  Peak flow rate;         (L3/T) 
Q  Total runoff volume;         (ft3/s) 
Rn  Net radiation;          (W/m2)  
Se:  the degree of saturation;       (-) 
u2  Wind velocity at 2 meter height;       (LT-1) 
xi  Spatial coordinates (i=1,2);       (-) 
Z Depth of media column or water table depth;    (L) 
z2,  Height of the point where wind velocity value was taken (2 meters); (L) 








VARIABLY-SATURATED FILTRATION OF NON-COLLOIDAL PARTICULATE 
MATTER IN RAINFALL-RUNOFF – PART I: THE ROLE OF MEDIA TYPE, IONIC 
STRENGTH, HYDRAULIC LOADING 
 
SUMMARY 
Colloidal and particulate matter in rainfall-runoff from constructed area often delivers 
significant hydrological events and anthropogenic pollutants to surrounding environment.  In-situ 
Best Management Practices (BMPs) were designed to infiltrate the runoff into subsurface to 
alleviate the impacts for both water quality and quantity.   A deviation of the infiltration process 
from current filtration practices employed in water and wastewater treatment processes was the 
variably saturated flow condition.  The application of variably saturated filtration requires detail 
investigation on many variables under controlled conditions.  Bench-scale experiment was 
conducted to examine the effects of saturation degree, ionic strength, and media characteristics.  
Water saturation degree was controlled by hydraulic loading rates.  The results of tracer 
experiments showed that the flow in sand media was to a greater extent of plug flow as a 
comparison to concrete media regardless of the hydraulic loading rates and saturation degree.  
The results of study demonstrated that the breakthrough of suspended particles under variably 
saturated flow conditions was related to the water saturation degree.  Relationship between ionic 
strength and filtration efficiency were significant due to the reduction on electrostatic repulsive 
force by higher ionic strength.  Variably saturated flow filtration was proved to be more efficient 
than saturated flow filtration with same flow rates and ionic strength for concrete media but there 
was not as significant a difference for sand media.  Oxide coated media, although have different 
surface characteristics, showed little influence the breakthrough of suspended particles.  
INTRODUCTION 
Rainfall-runoff from the constructed environment transports a wide gradation of 
heterodisperse particulate matters that contains dissolved and complexed constituents (Morrison 
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et al. 1989, Lopes et al. 2000). These particles have reactive sites and can have large surface 
areas that can mediate transport and partitioning of metal elements, organic and inorganic 
constituents while serving as reservoirs for many reactive substances (Muller and Sigg 1990, 
Rauch et al. 2000).  Infiltration-exfiltration best management practices (BMPs) utilizing filtration 
and adsorption have been developed to remove both particulate and soluble constituents.  
Infiltration systems have demonstrated their potential benefits for rainfall-runoff quantity and 
quality control.  A Swedish infiltration-exfiltration system, known as Swedish Unit 
Superstructure, was simulated for a period of 30 years indicating that the Unit Superstructure 
performed effectively for controlling suspended solids and metal elements (Niemczynowicz 
1989).  This system replaced conventional impervious pavement systems and surface drainage 
appurtenances with porous pavement overtop a subgrade of filter media.  Results demonstrated --
---.  Study results from Sieker (1998) also indicated that water quality parameters such as heavy 
metals can be attenuated by mechanisms of filtration and adsorption with resulting reductions in 
effluent concentration of greater than 90% by designs such as the MR-System.  Research by Li et 
al (1999), Sansalone and Teng (2003), Teng and Sansalone (2003) demonstrated that a partial 
exfiltration reactor (PER) capturing lateral pavement sheet flow was capable of reductions in 
peak flow of 85%, volume of 71%, TSS of 81% and dissolve metals of 80% while operating 
under unsteady variably saturated conditions.  These in-situ infiltration systems are all generally 
passively loaded under variably saturated flow condition. 
Occurrence of variably-saturated flow is very common, ranging from irrigated agriculture 
to nuclear waste disposal.  Variably saturated flow governs a large number of environmentally 
important processes.  Many studies have examined the role of colloids in contaminant transport 
in ground water (Lenhart and Saiers 2002, Choi and Corapcioglu 1997, Gamedinger and Kaplan 
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2000).  However, few studies have focused on the role of variably saturated flow condition on 
the filtration behavior of infiltration-type particle separation unit operation.  In many situations 
infiltration BMPs are designed for a hydraulic capacity based on peak flow or design sorm 
capacity.  While such hydraulic loading rates may approach saturated flow conditions the most 
common phenomenon for infiltration BMPs loaded by rainfall-runoff can be contrasted to 
conventional and controlled filtration unit operations in drinking water and wastewater treatment 
systems loaded by steady flow and saturated flow conditions.  Although filtration of particulate 
matter through porous media has been a unit operation that has been practiced for centuries, 
studies of filtration under variably saturated flow conditions generated by rainfall-runoff.  In 
addition, further study of filter performance for different particle size under similar degree of 
saturation is needed. 
A field-scale in-situ partial exfiltration reactor (PER) was developed and tested as a BMP 
to control both water quality and quantity of rainfall-runoff sheet flow in the constructed 
environment (Sansalone and Teng 2003, Teng and Sansalone 2003).  Field-scale investigation 
has shown that the removal of constituents in rainfall-runoff was a function of variably-saturated 
hydraulic loading rates.  These constituents included suspended, volatile suspended, dissolved 
solids, metal elements and chemical oxygen demand.  Evaluations based on the event mean 
concentration and overall event-based mass reductions facilitated by the PER for historical 
events were conducted (Sansalone and Teng 2003).  Particulate characterization that includes 
size and particle number provided detail information of the performance of PER for different 
particle sizes as a passive filtration unit operation for historical events (Teng and Sansalone 
2003).  However, loading (both quantity and quality) PER under variably saturated flow 
condition was uncontrolled in the field-scale experiment because of the transient hydraulic and 
 135 
constituent loading rates; including water quality indices such as ionic strength.  In addition the 
flow rate, and volume changes through exfiltration made a mechanistic evaluation of parameters 
such as hydraulic loading rate, particle size and ionic strength very difficult.  Traditional methods 
of evaluation were not applicable.  Furthermore, different hydraulic loading rates resulted in 
variably saturated conditions and a variable water content distribution with depth and time, and 
influenced the filtration performance.   
The variation of rainfall-runoff characteristics, such as ionic strength, particle size, 
particle number and hydraulic loading will also influence filtration operation and mechanisms 
under variably saturated flow.  Studies have shown that the surface tension change caused by 
different ionic strength can affect the variably saturated flow conditions which are induced by 
capillary head gradients (Karkare and Fort 1993, Smith and Gillham 1999).  Such influences by 
water quality on the variably saturated flow condition are due to the presence of liquid-solid and 
gas-liquid interfaces where surface tension along with matric potential dominates the radius of 
curvature, and in turn, dominates the interface area. 
In groundwater studies, numerous researchers examining variably saturated flow 
conditions in the subsurface focused on the transport of pathogenic bacteria and virus in 
heterogeneous and homogeneous media using small-scale columns (Silliman et al. 2001, Chu et 
al. 2001, Sim and Chrysikopoulos 2000, 1999, Jewett et al. 1999, Schafer et al. 1998).  Results 
showed that the retentions of P17 (Pseudomonas fluorescens strain, Gram-negative, motile, rod 
shaped, obligately aerobic bacterium), φX174 (spherical, single-stranded DNA bacteriophage 
~23 nm in diameter, isoelectric point (pI) of 6.6), and MS-2 (an icosahedral phage ~ 26.0-26.6 
nm in diameter, pI of 3.9) were all inversely related to water content (Jewett et al. 1999, Chu et 
al. 2001, Sim and Chrysikopoulos, 1999).  It was also noted that the liquid to air-liquid interface 
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transfer of virus was greater than the liquid to liquid-solid interface transfer (Sim and 
Chrysikopoulos 2000, 1999, Schefer et al. 1998).   Similar colloid removal results indicated an 
inverse relation between water content and removal rate indicating that higher water content 
resulted in higher mobility of the virus in porous media according to Wan and Wilson (1994).  It 
was also reported that colloids preferentially and irreversibly sorbed onto the stationary gas-
liquid interface relative to solid matrix interface under constant hydraulic fluxes.  However, 
moving interfaces occurring during drainage, imbibition, or a bubbling process may increase the 
movement of colloids.   Additional studies of the microstructure of the variably saturated flow on 
the media surface indicated that the high velocity of the film flow can be an important 
mechanism in transport of the particles (Wan et al. 1996, Wan and Tokunaga 1997).   
Variably saturated flow condition involves complicated hydraulic conditions and variable 
water content distributions which are generally non-linearly related (van Genuchten 1980).  
Dispersivity is an important property of the porous media system impacted by media 
characteristics of media size, porosity, grain shape and surface characteristics (Saripalli et al. 
2002).  Flow condition such as saturation degree, hydraulic loading rates and flow regimes can 
also affect the dispersivity of the porous media (Stephens 1996).   
Surface charge of the porous media and suspended particles directly influence the surface 
interaction between media and particle.  Zeta potential is the electric potential at the shear plane 
which is an imaginary surface separating the thin layer of liquid bound to the solid surface and 
showing elastic behavior from the rest of liquid showing normal viscous behavior.  The 
measurement of zeta potential are based on the electrophoretic mobility (the ratio of the velocity 
of particles to the field strength) of the particle suspension, induced pressure difference in 
electroosmosis, streaming potential and sedimentation potential are proportional to the zeta 
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potential.  Zeta potential is a function of the surface charge of the particle, any adsorbed layer at 
the interface and the nature and composition of the surrounding solution in which the particle is 
suspended.  Zeta potential of rainfall-runoff particles reflects the effective surface charge on the 
particle and is therefore related to the electrostatic interaction between the particle and the 
collector surface especially under the variable aquatic chemistry of rainfall-runoff, such as 
salinity, pH and ionic strength.  Therefore, the zeta potential is an important parameter 
characterizing the suspended particles dispersed in rainfall-runoff. 
OBJECTIVES 
While previous studies of rainfall-runoff filtration have investigated the uncontrolled 
transient water quality, quantity and particle loadings.  The frame for this study was a controlled 
investigation of hydraulic and particulate loadings under controlled water quality conditions for 
suspended and settleable fractions in rainfall-runoff.  All objectives of this study were carried out 
under controlled hydraulic, particle and water quality loading conditions.  The first objective was 
to evaluate the influence of variably saturated hydraulic loading rates on filtration performance.  
The second objective investigated the role of ionic strength on filtration performance, under 
same variably saturated flow conditions.  The third objective was to contrast these variably-
saturated results to those of saturated conditions.  The final objective was to examine the relative 
filtration performance of a number of common BMP media.  These media varied from examples 
of common natural media, to recycled media to engineered media.  Addtionally, in this study, the 
dispersivity of the porous media system under controlled hydraulic loading rates was examined 
for variably saturated conditions.  Measurement of zeta potential for the specific mineral make-
up of the particulate matter were carried out for across a wide range of pH and salinity.  
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METHODOLOGY 
Residence Time Distribution (RTD) 
Tracer or residence time distribution studies were utilized as a mean to quantify flow 
distribution and mixing status inside porous media system.  The residence time refers to the time 
spent by a particle or molecule in a flow system when no chemical reaction occurs.  Residence 
time distribution is generally measured using tracer studies that are performed by pulsing the 
filter bed with tracer, and measuring the effluent tracer concentration as a function of time.  The 
basic requirements for a satisfactory tracer for this study were (Wen and Fan 1975):  (1) the 
tracer compound is miscible and have similar physical properties as the main fluid stream; (2) 
the tracer compound should be able to be detected accurately and monitored easily; (3) the tracer 
compound must be conservative, non-reactive, and no adsorption or desorption should occurs.   
The mean residence time τm can be obtained from the RTD (Li et al 1999). 
      (5.1) 
In this equation, τm is the mean residence time (T); mi is the tracer mass (M) in the 
outflow at a time ti (T) following the pulse injection. 
Knowing the porosity of the filter bed, the mean residence time τm was compared with 
the theoretical residence time that can also be determined as follow under ideal plug-flow 
conditions modified from Li et al (1999): 
      (5.2)   
In this equation, τT is the theoretical residence time (T);  L is the length  of the filter bed 
(L); ε is the effective porosity of the filter media (dimensionless); θ is the water content 
(dimensionless); q is the hydraulic loading rate (L/T); Vp is the pore volume of the filter bed 
(L3);  Se is the water saturation degree (dimensionless);  Q is the flow rate (L3/T).  
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The relative degree of water saturation for the filter media bed at certain flow rate was 
determined by a calibrated 2D numerical model VS2DI (Hsieh et al 2000, Teng and Sansalone 
2004).  The discrepancy between theoretical residence time and experimental mean residence 
time provided a measure of non-effective pore volume in the filter media system.  This non-
effective “dead volume” Vd can then be approximated by the difference between these two 
residence time values as derived from equations (5.1) and (5.2) and has units of L3: 
      (5.3) 
The RTD curve, E curve is a normalized curve obtained from measured concentration 
values divided by an appropriate function such that the area under the E curve is equal to 1.  The 
quantity E(t)dt represents the fraction of the effluent that spent a time between t and t + dt in the 
filter (Battaglia et al 1993).  The RTD is a function of the media type and characteristics, the 
hydraulic loading rates, the geometry of the filter bed, and degree of saturation.     
RTD was determined by introducing a pulse loading of 142,000 mg/L (4.0 M) Cl- (NaCl 
solution) into the column packed with media and already loaded under steady state flow and 
equilibrated to the experimental ionic strength using 0.1M NaNO3.  The concentration of the 
tracer was determined to be slightly lower than the maximum solubility of the NaCl which is 6 
M to minimize the detect error for the effluent concentration.  Steady state flow was achieved by 
maintaining a constant flux at the top of the column by a Masterflex® peristaltic pump.  The 
electrical potential of the effluent was monitored by a chloride ionic selective electrode (ISE).  
The fluctuation of the electrical potential of the effluent was equilibrated with 1% for more than 
1 hour and was equal to that of influent solution, before the NaCl tracer injection was made.  The 
NaCl solution was injected by a 1000-µl pipette as a slug at the top of the column.  The volume 
of tracer fluid (142,000 mg/L Cl-) pulsed into the bed were 500 µl and 1000 µl for each flow 
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rates.  The variation of the electrical potential for the effluent was monitored at the bottom of the 
column every 10 seconds until the potential returned back to previous stabilized level before 
injection.   
The experiment was conducted at flow rates of 0.81, 2.94 and 8.71 cm/min.  The 
concentration of Cl- in effluent was calculated by calibration curve which was obtained by 
measuring the variation of electrical potential of 100 ml of equilibrated effluent solution.  The 
NaCl concentration of the equilibrated effluent solution was adjusted ranging from 0.5 mg/L 
(0.014 mM) to 5800 mg/L (163 mM).  For the electrical potential less than 230 mv, the electrical 
potential was linearly related to the log of NaCl concentration.  However, for higher electrical 
potential which was over 230 mv, the relation was better fit by a two order polynomial function.   
Measurement of Hydraulic Conductivity 
Saturated hydraulic conductivity was calculated from Darcy’s law: 
      (5.4) 
In this equation, A is the cross-sectional area (cm2); K is the hydraulic conductivity 
(cm/min); and dh/dL is the hydraulic gradient (dimensionless).  A steady-state saturated flow 
with constant hydraulic gradient was obtained by adjusting the hydraulic loading rates and the 
water level at effluent.  After the hydraulic gradient being stable for more than 1 hour, the 
hydraulic gradient and loading rates were recorded to calculate the hydraulic conductivity. 
Column Experiment Setup 
A schematic diagram of the experimental setup used to perform the bench-scale filtration 
experiments is shown in Figure 5.1.  The column setup consists of a solution reservoir containing 
raw water in a DI matrix, a mixer, a Masterflex® peristaltic pump controlling the steady-state 
flow rate, and sampling loops.  Samples of raw water and filtrate were taken by 5 peristaltic 
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pumps intermittently controlled by a Chronxol Timer.  Influent and effluent samples were taken 
every 30 minutes except for the initial stage when samples were taken at 15 minutes interval.  
The filtration parameters and physical properties of the filter media are shown in Table 5.1.  The 
column used in the experiment was 150-mm long, with a diameter of 68.4-mm.  Saturated and 
variably saturated flow filtration were conducted with same flow rate as the system shown in 
























Figure 5.1  Schematic diagram of experiment setup 
The particle suspension was prepared by adding quantified chemicals to DI water which 
had conductivity lower than 6 µs/cm.  Alkalinity and pH were first adjusted using CaCl2 and 
KOH solution followed by ionic strength adjustment using KNO3 solution.  The conductivity of 
the solution was measured to estimate the ionic strength according to following equation 
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(Snoeyink & Jenkins 1980) where I is ionic strength (M) and Kc is the specific conductance 
(µs/cm). 
I = 1.6×10-5 × Kc     (5.5) 
Table 5.1  Summary of experimental column dimensions and media parameters 
Experiment media type PER 
Item Symbol Unit 







media depth L cm 15 ± 0.1 15.1 ± 0.1 15 ± 0.1 14.9 ± 0.1 60.0 
column 
diameter D cm 
6.84        
± 0.01 
6.84               
± 0.01 
6.84          
± 0.01 






2 36.72      ± 0.007 
36.72             
± 0.007 
36.72         
± 0.007 
36.72       
± 0.007 45000 
filter bed 
volume V cm
3 550.90      ± 4.010 
554.57           
± 4.014 
550.90       
± 4.010 
547.22       
± 4.006 2.7 m
3 
porosity ε - 0.557      ± 0.003 
0.542             
± 0.003 
0.364        
± 0.004 
0.362       
± 0.004 
0.364      
± 0.004 
  Media parameters   
Specific 
gravity ρs g/cm
3 2.5281     ± 0.0031 
2.5024             
± 0.0042 
2.603        
± 0.0091 
2.657       
± 0.0032 
2.603       
± 0.0091 
Bulk density ρ g/cm3 1.119      ± 0.0081 
1.157             
± 0.0083 
1.62          
± 0.0117 
1.65         
± 0.0118 
1.62          
± 0.0117 
Media 
weight W g 
616.98        
± 0.01 
637.87           
± 0.01 
885.77       
± 0.01 
888.56       
± 0.01 - 
Specific 
surface area SSA m
2/g 17.304       ± 1.536 
4.082             
± 0.048 
2.479        
± 0.297 
0.052       
± 0.011 
2.479        
± 0.297 
Surface area SA m2 10676.0       ± 743.9 
2603.70           
± 24.03 
2195.80      
± 206.51 
46.21       
± 7.67 - 
Particle size d10 mm 0.965 0.965 0.523 0.53 0.523 
Particle size d50 mm 1.304 1.304 1.163 1.143 1.163 
Particle size d90 mm 1.885 1.885 1.843 1.833 1.843 
Point of zero 
charge PZC pH 5.2
4 - 8.15 < 2.0 8.15 
Hydraulic 
Conductivity 
Kh cm/min 45.0        ± 1.32 
45.3          
± 1.31 
23.72        
± 0.04 
23.75       
± 0.05 
23.72     
± 0.04 
 
1 Manganese oxide coated concrete using NGE method; 
2 Dimension of PER is 1500 cm in length and 30 cm in width; 
3 Data from Sansalone 1999; 
4 Data from Liu et al 2001; 
5 Data from Teng and Sansalone 2003. 
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The quantitative mixture of the clay minerals is based on analysis of suspended fraction 
of particles in urban rainfall-runoff (Zhou and Sansalone 2004).  The mass and number 
distribution of the mixed particle suspension is shown in Figure 5.2 as a function particle size.  
The ionic strength, alkalinity, and pH value were controlled based on typical ranges of rainfall-
runoff loadings to the PER for both historical events and design storm events as shown in Table 
5.2 and Figure 5.3.  The suspended particles consisted of 5 distinct of clay minerals with 
specified percentages as shown in Table 5.3.   
Table 5.2  Experimental matrix and loading parameters. 
PER conditions  








unsteady flow Unsaturated and saturated steady flow 
Media - Fe-oxide Sand 
Fe-oxide 





Flow rate (cm/min) 0 - 1.81 0 - 10.67 1.14 - 9.67 4.22 4.22 
Water 
content (dimensionless) 
0.052         
- 0.362 
0.052         
- 0.362 
0.220        
- 0.362 0.314 0.470 
Ionic 
strength (mM) 2.26 - 15.2 - 1 - 19 14.4 14.4 
Suspended 
particles (mg/L) 71.7 - 205 - 100.0 ± 5.0 100.0 ± 5.0 100.0 ± 5.0 
Alkalinity (mg/L) 33.6 - 81.6 - 30.0±0.006 30.0±0.006 30.0±0.006 
pH (S.U.) 6.54 - 7.56 - 7.5 ± 0.3 7.5 ± 0.3 7.5 ± 0.3 
Conductivity (µs/cm) 141 - 946 - 70 - 1200 900 ± 2 900 ± 2 
 
1 Historical data from Sansalone and Teng 2003; 
2 Design storm data from Teng and Sansalone 2004; 
Manganese oxide coated concrete using NGE method. 
Particle Size Distribution and Turbidity 
Both influent and effluent were examined by a laser diffraction particle analyzer (Sequoia 
Scientific) to determine particle volume concentration distributions.  The LISST particle analyzer 
provided particle volume concentration in 32 log-spaced increments ranging from 1.00-µm to 
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250-µm.  The laser beam formed by collimating the output of a diode laser illuminates the 
particles.  Laser light scattered by the suspended particles, crossing the pat of the laser, is 
diffracted.  The scattering of the particles is detected in the focal plane of a receiving lens.  In 
this focal plane a specially constructed detector consisting of 32 rings is located.  Each ring 
measures the scattering at a particular angle.  A photodiode behind the ring detector measures 
optical transmission.  The signature of particle size is shown as a scattered energy distribution on 
detector ring.  The energy distribution across the rings will be the weighed sum of all such curves 
for different particle sizes.  If an aqueous sample was too turbid as identified by transmittance 
value, the sample was diluted with DI water.  The sample collection, handling and counting 
procedure followed standard Method 2560 (APHA 1995).  Three aliquots were measured for 
each sample to ensure the reproducibility of the measurement.  The upper limit for the particle 
size was chosen to be 75 µm which is the nominal size to differentiate between silt and sand size 
particles and settleable and sediment particles.  The turbidity was measured using a HACH 2100 
AN IS turbidimeter.  The variation of pH value of effluent was monitored online.   



































Figure 5.2  Mass and number distribution of influent suspended particles as a function of particle 
size. 
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Figure 5.3  Comparison of experimental conditions to the typical range of the loadings on the 
PER for both historical and design storm events. 
Table 5.3  Make-up and characterization of rainfall-runoff suspended solids. 
 
Suspended particles parameters   
Kaolinite Montmorillonite Illite Quartz  Anorthite 
Mass 
percentage M % 7.6 51.4 6.3 6.8 27.8 
Particle size d10 µm < 1.35  <1.35   < 1.35 2.24  2.51  
Particle size d50 µm  3.62 3.24   3.75  4.26  4.63 
Particle size d90 µm  19.36  17.33  25.87  30.21  37.17 
Point of zero 
charge PZC pH < 2 - 4.54 < 2 < 2 
Zeta 
potential z mv -19.1 -33.57 -24.47 -18.03 -9.43 
Particle size distribution are mass based. 




Zeta potential for each of the 5 clays used to make the suspended solids mixture was 
measured using a Zetasizer 2000 (Malvern Instruments, Inc.).  The clay particles were suspended 
in 4 mM KCl solution before the pH of the solution was adjusted to the experiment value or pH 
increment using HCl and KOH.  The zeta potential of the clay particles in each pH condition 
were measured.  As shown in Figure 5.4, the zeta potential decreased with increasing pH.  
Montmorillonite had the strongest negative potential while illite had the highest zero potential 
point of pH.  To investigate the effect of the salinity, zeta potential of these clay particles were 
also measured at different NaCl concentration with pH fixed at 7.0.  The results shown in Figure 
5.5 indicated that the zeta potential were all negative at a pH 7 and increased toward zero with 
increasing salinity.   
pH (S.U.)



















Weighed average zeta potential 







Figure 5.4  Zeta potential of clay particles as a function of pH ([KCl] = 4 mM).  Error bars in the 
figure represent 1 standard deviation obtained by triplication of the zeta potential measurement. 
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Figure 5.5  Zeta potential of clay particles as a function of salinity concentration (pH = 7.0).  
Error bars in the figure represent 1 standard deviation obtained by triplication of the zeta 
potential measurement. 
BMP Media 
Crushed concrete were sieved into size classes between US Sieve #10 (2000 µm) and #20 
(850 µm) with the median diameter of 1304 µm.  The crushed concrete media was coated with 
manganese oxide using a methodology which as used the natural greensand effect (NGE) of the 
manganese oxide (Liu et al. 2001).  The silica sand media used in this study had a median 
diameter of 1.14 mm (Sansalone 1999).  The silica sand media was coated with iron oxide using 
a methodology as described by Sansalone (1999) and was used in the in-situ PER as an 
adsorptive filtration media (Sansalone and Teng 2003).      
RESULTS AND DISCUSSION 
Residence Time Distribution 
The dispersion characteristics of the porous media under variably saturated flow 
condition were investigated by a conservative tracer experiment.  The effluent concentration of
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the tracer is shown in Figure 5.6 as a function of pore volumes for both sand and concrete media 
with two tracer volumes under different hydraulic loadings.  The residence time distribution 
(RTD) function E(t) is also shown in Figure 5.6 as a function of pore volume under different 
conditions.  Table 5.4 presented the mean residence time τc, variance of the distribution σc2, 
theoretical residence time τt, dead volume Vd, and Morrill dispersion index (MDI) based on 90 
and 10 percentile value obtained from probability-log plot of cumulative percentage of total 
tracer versus elapsed time.  The value of MDI for an ideal plug flow reactor is 1.0 and about 22 
for a complete-mixed reactor.  MDI value of 2.0 or less is considered by USEPA as a criterion of 
an effective plug flow reactor (Metcalf and Eddy 2003, USEPA 1986).  The mass recovery rates 
for the tracer under all conditions had a mean of 94.2%, a standard deviation of 1.32% and n = 
28. 
The effluent tracer concentration curve and E(t) function in Figure 5.6 illustrated that the 
tracer tended to breakthrough the concrete media earlier but had a longer tail.  This can be 
explained by the comparatively high porosity relative to sand.  In addition, the rough surface of 
the concrete media generated more dead zones which could detain the tracer through the tracer 
breakthrough peak and release it slowly thereafter.  The overlap of the E(t) curves for different 
tracer volumes indicated that tracer volume had no significant influence to the dispersion.  This 
result also demonstrated that advection is more important for transport in the porous media under 
variably saturated flow condition as compared to diffusion controlled by a concentration 
gradient.  The insignificant effect of diffusion is also the reason of the existence of “dead 
volume” since the small pores on media surface can not be accessed without diffusion.  For sand 
media, the dead volume increased with increasing flow rate indicating less diffusion occurred 
under high flow rates.  For all media, all tracer curves shifted to the left with higher hydraulic 
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loading.  The experimental mean residence time decreased with increasing hydraulic loading.  
The variance of the residence time was larger for concrete media than that of sand media.  
Different dispersion for these two media was also indicated by MDI values.  The MDI values for 
sand media was consistently under 2.0 for each hydraulic loadings indicating a higher degree of 
plug flow.  However, greater dispersivity of the concrete media was shown by MDI index 
ranging from 3 to 9.   
Table 5.4 Tracer experiment: residence time and dispersion number 
 
  Tracer Q v τc σc2 τt Vd t10 t90 MDI 
30 0.817 5.8 7.2 5.7 4.0 5.53 10.80 1.95 
108 2.941 2.2 0.7 1.9 35.5 3.39 5.16 1.52 0.5 ml 
320 8.713 0.9 0.1 0.6 77.3 0.54 1.11 2.04 
30 0.817 5.7 6.0 5.7 1.1 5.64 10.44 1.85 
108 2.941 2.5 1.1 1.9 62.5 3.48 5.95 1.71 1.0 ml 
320 8.713 0.9 0.1 0.6 80.3 3.55 5.50 1.55 





30 (s) 0.817 
7.6 3.4 7.7 -2.6 7.18 11.89 1.66 
30 0.817 6.7 11.5 3.4 26.5 3.06 11.56 3.78 
108 2.941 2.9 5.8 2.4 13.6 0.84 6.14 7.35 0.5 ml 
320 8.713 0.7 0.2 0.4 27.0 0.23 0.86 3.71 
30 0.817 6.3 11.1 3.3 25.1 2.74 10.94 3.99 
108 2.941 3.3 7.8 2.8 12.1 0.92 7.60 8.26 1.0 ml 
320 8.713 0.7 0.2 0.4 21.9 0.23 1.07 4.57 







30 (s) 0.817 
10.2 10.5 10.6 -10 4.79 13.14 2.74 
Tracer: 4.0 M NaCl solution; 
Q:  flow rate (ml/min); 
v:  approaching velocity (cm/min);  
τm : mean residence time (minute); 
σ2 : standard deviation of residence time (min); 
τt : theoretical residence time (min); 
Vd : dead volume (ml); 
t10, t90 : Time at which 10, 90 percent of tracer had passed through the reactor (minute);  
MDI : Morrill dispersion index, T90/T10;  
 (s):  Saturated flow condition. 
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Figure 5.6  Tracer concentration and RTD function for uncoated concrete and sand media under 
unsaturated flow conditions as a function of elapsed time for different tracer volume and 
hydraulic loadings. 
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The mean residence time was slightly greater than theoretical residence time for 
unsaturated flow condition indicating the existence of “dead volume”.  For saturated flow, the 
mean residence time was similar to theoretical residence time indicating the dead volume was 
not significant.  The dispersion of tracer under unsaturated and saturated flow condition for same 
hydraulic loading rate were compared and shown in Figure 5.7.  Differences were also observed 
on the E curve between two tracer volumes under saturated flow conditions demonstrating that 
diffusion is more important a process under saturated flow conditions.     
Column Filtration 
Flow Rates 
The influence of the degree of saturation (Se) on the transport and deposition of 
suspended particles under variably saturated flow filtration is presented in Figure 5.8.  All 5 
experiments were conducted at identical ionic strength (14.4 mM) and particle concentration 
(100.0 ± 5.0 mg/L).  A systematic increase of particle elusion in the effluent was observed with 
increasing degree of saturation controlled by higher hydraulic loading rates.  The C/C0 value for 
lowest hydraulic loading rate (1.14 cm/min) was the lowest, indicating the best filtration 
performance.  The fact that the C/C0 value was generally kept below 0.6 for all size ranges for 
286 pore volumes illustrated the large capacity of the media bed for deposited particles.  The 
retention of particles greater than 20 µm was efficient even under high hydraulic loading rates.  
The elusion of particles in the effluent under different hydraulic loading rates is also summarized 
in Figure 5.9 as a function of particle size.  The breakthrough of the particles under low 
hydraulic loading rate (1.14 cm/min) happened to larger particles (greater than 10.76 µm) first.  
These eluted large particles probably included aggregation of small to median (finer than 10.76 
µm) sized particles that were washed out after being captured during initial filtration stage.   
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Figure 5.7  Comparison of transport of tracer for saturated and unsaturated flow condition with 
same hydraulic loading of 0.82 cm/min for uncoated concrete and sand media. 
However, the small to medium sized particles penetrated first under larger flow rates from 2.59 
cm/min to 9.67 cm/min.  For flow rate at 2.59 cm/min, the breakthrough of the particles 
happened for small particles finer than 2.05 µm while this size of the breakthrough particle 
became larger with increasing of flow rates (2.05 to 3.98 µm for 4.22 cm/min, 3.98 to 10.76 mm 
for 7.49 cm/min).  For flow rate of 9.67 cm/min, the breakthrough of medium sized particles 
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(between 3.98 and 20.86 µm) happened within 80 pore volumes as sown in shadowed area in 
Figure 5.9.  The specific deposit, not having aggregated to the size of that of lower flow rate, was 
washed out by the high hydraulic shear force. 
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Pore Volumes
 
Figure 5.8  Breakthrough of suspended solids at different hydraulic loading rates for uncoated 
sand media under unsaturated flow conditions as a function of pore volumes (PV).  1 PV = 199 
ml, C0 = 100.0 ± 5.0 mg/L, I = 14.4 mM. 
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Ionic Strength 
The influence of the ionic strength on the breakthrough of suspended particles at different 
size ranges under variably saturated flow filtration is presented in Figure 5.10.  All 5 experiments 
were conducted at identical flow rate (4.22 cm/min) and particle concentration (100.0 ± 5.0 
mg/L).  The deposition of particles at ionic strength at 1 mM was relatively low during the initial 
stage of the filtration but stable as the pore volume treated increased.  With increasing ionic 
strength, the initial C/C0 value decreased.  At an ionic strength of 14.4 mM, the C/C0 value kept 
below 0.7 for particles finer than 2 µm and below 0.6 for particles greater than 10 µm for 303 
pore volumes, which was the highest of all 5 experiments.  When the ionic strength was 
increased to 19 mM, the breakthrough happened within 119 pore volumes for all particle sizes.  
The breakthrough for small particles increased much faster than that of large particles.   
The breakthrough of particles in the effluent for each ionic strength is also presented in 
Figure 5.11 as a function of particle size.  Small particle mobility within the variably saturated 
sand column was high with initial C/C0 value close to 0.8 while the values for medium to large 
particles (greater than 10 µm) were initially lower than 0.3.  At the ionic strength from 4.8 mM 
to 14.4 mM, particles in the size range from 2.05 µm to 6.55 µm showed highest mobility 
indicated by the peak of the C/C0 curve, especially in the later stage of the filtration.  However, 
under high ionic strength (19 mM) situation breakthrough of fine particles (smaller than 2.05 
µm) increased rapidly although the initial C/C0 for all particle sizes was the lowest of all ionic 
strength conditions.  The rapid breakthrough of the fine particles might be a result of limited 
deposit site.  The initial C/C0 values for different size group are summarized in Figure 5.12 as a 
function of ionic strength.  The initial particle elusion of particles in effluent systematically 
decreased with increasing ionic strength for small particles.  However, the decrease was not 
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observed for particles greater than 6.55 mm indicating ionic strength of the solution have greater 


















































































Figure 5.9  Breakthrough of suspended solids at different hydraulic loading rates for uncoated 
sand media under unsaturated flow conditions as a function of particle size.  1 PV = 199 ml, C0 = 
100.0 ± 5.0 mg/L, I = 14.4 mM. 
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Figure 5.10  Breakthrough of suspended solids for uncoated sand media under different ionic 
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Figure 5.11  Breakthrough of suspended solids for uncoated sand media under different ionic 
strength as a function of particle size.  1 PV = 199 ml, C0 = 100.0 ± 5.0 mg/L, Q = 4.22 cm/min. 
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Figure 5.12  Initial C/C0 value at 3.86 pore volumes as a function of ionic strength 
Saturated and Variably Saturated Flow 
The breakthrough of particles in sand or concrete media under saturated and variably 
saturated flow condition is summarized in Figure 5.13.  Variation in breakthrough as a function 
of particle size is illustrated in Figure 5.14.  Significantly lower breakthrough and higher filter 
capacity for concrete media under unsaturated flow conditions can be observed as compared with 
saturated flow condition especially for medium to large particles.  For saturated flow condition, 
good removal performance of concrete media only happened at the initial stage of the filtration 
process for small to medium sized particles.   However, for sand media, not much difference in 
performance has been found between saturated and unsaturated flow condition except for small 
particles that are finer than 2.054 µm.  Sand media provided little deposition for small particles 
under saturated flow condition while variably saturated flow removed about 40% of the influent 
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fine particles.  The finer grain size and lower porosity of the sand media resulted in more 
straining which was comparatively irrelevant to the flow conditions.  
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Figure 5.13 Breakthrough of suspended solids for uncoated sand media under saturated and 
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Figure 5.14  Breakthrough of suspended solids for uncoated sand media under saturated and 
unsaturated flow conditions as a function of particle size (Q = 4.22 cm/min, I = 14.4 mM). 
 
Media 
Four different filter media were compared for the same ionic strength (I = 14.4 mM) and 
hydraulic loading (4.22 cm/min).  The breakthrough results are shown in Figure 5.15 as a 
function of pore volumes.  Sand media, both oxide coated and uncoated, had lower breakthrough 
than both coated and uncoated concrete in all size ranges, especially for large particles.  The 
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Figure 5.15  Breakthrough of suspended solids for selected BMP media under unsaturated flow 
condition as a function of pore volumes (Q = 4.22 cm/min, I = 14.4 mM). 
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Figure 5.16  Breakthrough of suspended solids for selected BMP media under unsaturated flow 
condition as a function of particle size (Q = 4.22 cm/min, I = 14.4 mM). 
difference in breakthrough for sand media and concrete media was around 0.1 – 0.2 C/C0 for 
small to medium size particles and increased to about 0.4 C/C0 for particle greater than 20 µm.  
The comparatively lower porosity and smaller pore size of the sand bed was more effective in 
particle straining which was also indicated by reduced breakthrough of large particles.  In 
general, coated media had similar performance with uncoated media.  The particle elusion of 
particles in the effluent for each filter media is also presented in Figure 5.16 as a function of 
particle size.  The breakthrough of the small particles for uncoated concrete media was low at the 
 163 
initial stages (pore volumes of 3.85) but deteriorated thereafter to the level that is equivalent to 
NGEC at pore volumes over 230.  Fe-oxide sand had different size range of breakthrough from 
sand media although the initial C/C0 values were similar for these two media across the particle 
sizes.     Fe-oxide coated media had an earlier breakthrough at pore volumes of 262 for particles 
finer than 2.05 mm while sand media had a breakthrough for the particles ranging from 2.05 mm 
to 6.55 mm at pore volumes of 408. 
CONCLUSION 
This study examined the breakthrough of suspended and settleable particles based on an 
experimental matrix that included variations in saturated vs. unsaturated flow loading rates, ionic 
strength, and selected common BMP media.  Experimental quantity and quality loadings were 
based on actual urban rainfall-runoff quantity and quality loadings.  Results indicated that 
hydraulic loading rates had significant influence on particle breakthrough and deposit capacity of 
the filter.  Results also indicated that filter media loaded with lower degree of saturation and 
lower hydraulic loading rates resulted in lower particle breakthrough.  However, the 
breakthrough of different sized particles at each hydraulic loading rate was different due to the 
variable fluid film depth which is controlled by water content saturation degree.  Results 
demonstrated that higher ionic strength resulted in lower breakthrough of particles.  This verified 
DLVO theory that electrolytes can reduce the zeta potential for both the suspended particles and 
the media, and can compress the double layer and increase particle-media interaction.  However, 
the influence of the ionic strength was also variable with particle size and degree of saturation. 
For a low ionic strength as 1 mM, the low removal of small particles indicated that the dominant 
filtration mechanisms were straining and interception instead of Brownian diffusion.  Also 
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particles were unlikely to aggregate in the suspension, therefore, small particles tended to 
penetrate through the filter bed earlier due to their hydrodynamic mobility. 
Variably saturated flow condition gave promising results for concrete media as compared 
with saturated flow conditions; while for sand media there was not as significant of a difference 
observed.  This different influence of degree of saturation is probably due to the surface 
roughness and electrostatic interaction.  The difference in the performance between saturated and 
variably saturated flow conditions are mainly laid on the roles of electrostatic force and 
interception which are significantly affected by the distance between particle and media surface.  
Variably saturated flow which is mainly a creeping fluid film along the surface of the filter 
media reduced the interaction distance (Tokunaga and Wan 1997).  Therefore, the removal for 
small particles under variably saturated flow deteriorated rapidly when the surface interaction 
became unfavourable.  Although the zeta potential for cementitious material was reported both 
positive and negative (Flatt and Ferraris 2002, Nagele 1985, 1986), the unfavourable results 
showed here demonstrated that the zeta potential of concrete media is negatively charged as 
same as the clay particles measured in this study.  This unfavourable condition might affect 
Brownian diffusion of the small particles significantly (Tien 1989).  For medium to large sized 
particles, interception was effective due to the rough surface of the concrete media and reduced 
radial distance to the collector’s surface.  For sand media, variably saturated flow provided better 
performance than saturated flow conditions only for fine particles while not much difference has 
been found for medium to large particles that are greater than 2.05 µm.  Removal of medium to 
large sized particles involved more staining by the finer grain size and lower porosity of the sand 
media and was comparatively irrelevant to the flow conditions.  Generally sand media was more 
efficient than concrete media regardless of being coated or uncoated because of the finer grain 
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size and lower porosity.  The difference in performance for different BMP media was found to 
be insignificant in terms of the breakthrough of particle size range and filtration capacity.   
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NOMENCLATURES 
A  :  the cross-sectional area (cm2);  
C0/C :  particle concentrations of the influent and effluent (mg/L); 
dh/dL  :  the hydraulic gradient (dimensionless);  
I  :  ionic strength (mM); 
K  :  the hydraulic conductivity (cm/min);  
Kc  :  the specific conductance (µs/cm); 
L  :  the length  of the filter bed (cm);  
MDI :  Morrill dispersion index, MDI = t90/t10; 
mi  :  the tracer mass (mg) in the outflow at a time ti (s) following the pulse injection; 
NGEC :  manganese oxide coated concrete;  
q  :  the hydraulic loading rate (cm/min);  
Se  :  the water saturation degree (dimensionless);   
t10, t90  :  time at which 10, 90 percent of tracer had passed through the reactor (minute);  
v :  approaching velocity (cm/min); 
Vp  :  the pore volume of the filter bed (ml);   
Vd  :  non-effective “dead volume” (ml); 
τT  :  the theoretical residence time (minute);   
τm  :  the mean residence time (minute);  
ε  :  the effective porosity of the filter media (dimensionless);  
θ  :  the water content (dimensionless);  





VARIABLY-SATURATED FILTRATION OF NON-COLLOIDAL PARTICULATE 




As conveyors of constituents such as metals and phosphorus in rainfall-runoff, particles 
can impose a significant load to receiving waters.  In-situ best management practices (BMPs) 
such as filtration/infiltration system can provide good control of both water quality and quantity.  
BMPs such as a partial exfiltration reactor (PER), a proven and effective unit operation and 
process, has been operated for 5 years as a passive filtration appurtenance subject to transient 
hydraulic loadings under variably saturated conditions.  In this modeling study, trajectory 
analysis was conducted on variably saturated porous media by introducing a dimensionless 
surface tension number NST to include the effect of the gas-liquid interface into an existing 
saturated flow trajectory filtration model.  To determine the model parameters, least-squares 
curve-fitting was applied to column experimental data under a wide range of hydraulic loading 
rates based on design storm events.  The relationship between unsaturated hydraulic conductivity 
and water content was developed by fitting gravimetric measurement data to the van Genuchten 
equation.  The particle velocity was determined by the previously reported relationship of water 
film velocity, thickness and particle size.  Filtration performance was simulated by water content 
profile at different column depths and integrated for the total removal efficiency for particle size 
ranging from 1.36 to 72 µm.  Good agreement with experimental data supports the conceptual 
basis of the trajectory model with a combined gas-liquid interface adsorption term in addition to 




Urban infrastructure and anthropogenic activities, in particular, transportation activities 
are significant sources of particulate matter ranging from sub-micron size particles to gravel size 
material.  The highly impervious nature of the constructed area, relative lack of roughness, 
reduced hydraulic resistance in both urban pavement and drainage systems and increased flow 
volume and flow rate promote effective transport of anthropogenic particulate matters (Cristina 
and Sansalone 2003, Wanielista and Yousef 1993).  A wide gradation of particulate matter is 
mobilized by rainfall-runoff from constructed environments (Barrett et al 1997).  This particulate 
matter is capable of mediating the equilibrium partitioning of heavy metals and other 
constituents discharged in construction and transportation activities (Sansalone et al 1998, 
Buckler and Granato 1999, Breault and Granato 2000).   
Many studies of structural best management practices (BMPs) have been conducted on 
the control of quality and quantity of rainfall-runoff in constructed areas over the last decades.  
Many of these studies have examined different type of infiltration (Legret and Colandini 1999, 
Sieker 1998, Urbonas 1993, Schueler 1987, Hogland and Niemcznowicz 1986).  One of these 
systems, a partial exfiltration reactor (PER) may be a promising method for both water quality 
control as well as water quantity mitigation, reducing both total runoff volume and peak flow 
rate and extending time to peak (Sansalone 1999, Li et al 1999).  The in-situ performance of the 
PER under highly variant hydraulic and mass loadings over 5 years has been evaluated 
(Sansalone and Teng 2003).  The dominant filtration mechanism of each component of the PER 
system was evaluated based on particle size analysis and pore size distribution (Teng and 
Sansalone 2003).  As an in-situ passive filtration BMP, the PER is generally subjected to 
variably saturated flow conditions.   To further evaluate the filtration behavior of the PER system, 
simulation of the variably saturated flow inside the PER was conducted by Li et al. (1999) using 
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a variably-saturated numerical flow model.  After the model was calibrated with a historical 
rainfall-runoff event, water content profile in the PER system and water balance during a 2-hour 
steady-state hydraulic loading, followed by a 4-hour discharge period were simulated.  The 
hydraulic response of the PER system subject to transient hydraulic loadings of historical 
rainfall-runoff events and design storm events was also simulated using a calibrated variably-
saturated numerical model for both existing surrounding soil and boundary conditions (Teng and 
Sansalone 2004a).  The variation of the water content was simulated as a function of filter depth 
and elapsed time during and after historical and design hydraulic loadings.     
 Deposition of colloid and particulate matter onto porous media from a suspension is very 
important in many natural and industrial processes (Elimelech and O’Melia 1990, Tien 1989).  
Colloid-facilitated transport of contaminants such as phosphorus, pesticide, other agrochemicals, 
and a range of biological microorganisms have been widely investigated (McGechan and Lewis, 
2002).  Numerous studies have been conducted on particle deposition under favorable or 
unfavorable surface interaction (Bai and Tien 1999), under the influence of pore velocity 
(Compere et al. 2001), on the effect of particle size (Elimelech and O’Melia 1990), or in 
geochemically heterogeneous porous media (Hohnson et al 1996).  However, for particles 
transported in variably-saturated flow, research has been limited to either microorganisms 
(bacteria and virus) or colloids (Jewett et al. 1999, Chu et al 2001, Sim and Chrysikopoulos 1999, 
2000, Schafer et al 1998).   Wan and Tokunaga (1997) proposed a conceptual model for film 
straining of colloids in unsaturated porous media considering two retardation mechanisms; either 
to trap colloids within individual liquid pendular rings or within a thin liquid film (thinner than 
the particle size).  Excellent agreement with experiments supported the validity of the conceptual 
model within the limitation of particle sizes ranging from 0.014 µm to 0.97 µm.  Corapcioglu 
and Choi (1996) compared their numerical model to experiment for both microorganisms and 
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colloids for sizes of approximately 0.2 µm.  Lenhart and Saiers (2002) developed a conceptual 
model combining the film straining with air-water interface adsorption for suspended particles of 
0.36 µm in size.  Pitt et al (2001) investigated a power equation to model the clogging 
phenomenon in particulate removal which was found to be dependent upon the suspended solids 
loading. 
In rainfall-runoff, >95% of the suspended particle fraction by mass (finer than 75 mm) 
had diameters greater than 2 µm.  The deposition mechanisms of these particles onto porous 
media are different from that of submicron colloids.  In contrast to the film straining mechanisms 
for submicron particles that are trapped in pendular rings or thin liquid film, the mechanisms 
involved in non-colloidal (> 1 µm) particle filtration are basically liquid-gas interface attachment 
in addition to the conventional mechanisms in saturated flow filtration system such as pore 
straining, interception, sedimentation, and physical chemical filtration (Wan and Tokunaga 
1997).  However, research on deposition of particles that have diameters > 1 µm to < 75 µm 
(distinction between settleable and larger sediment fraction) in variably saturated porous media 
have not been found. 
The nature of particle movement in variably saturated flow is different from saturated 
porous media.  With variable water content, the mean velocity across the water film can be 
several times larger than the approach velocity.  In addition, the water film on the media surface 
is of different depth due to the variable water content distribution.  Veerapaneni et al (2000) 
examined the movement of particles with sizes ranging from 20 µm to 1000 µm in water films 
with film thickness ranged from 120 µm to 670 µm on a sloped smooth plate glass.  
Relationships between the ratio of particle velocity to film flow rate and the ratio of particle size 
to water film thickness were investigated.   
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OBJECTIVE 
The major goal of this study was to develop a trajectory filtration model for particles 
transport through variably saturated porous media based on conventional trajectory filtration 
model.  The role of water content, matric potential, and hydraulic loading rates was investigated 
in this study.  First objective in this study was to determine the parameter of the van Genuchten 
model by fitting the gravimetrically determined relationship between unsaturated hydraulic 
conductivity and water content.  Another objective in this study was to verify the applicability of 
the parameters obtained by fitting the water retention curve to van Genuchten equation to 
determine the relationship between unsaturated hydraulic conductivity.  The third objective of 
the study was to determine the water content profiles, water film thickness, water film velocity 
and particle velocity as a function of column depth.  The last objective in this study was to 
introduce a dimensionless surface tension number to extend a widely used saturated filtration 
trajectory model to the application under variably saturated flow conditions.  The effectiveness 
of the trajectory model was verified by applying to experimental data.  
BACKGROUND 
Saturated Flow Filtration 
General Filtration Theory  
The macroscopic filtration equations are based on mass conservation principle, the 
filtration rate expression, and the mechanics of porous media flow.  When a fluid stream 
containing particles flows at a superficial velocity us through a filter which is randomly packed 
with porous media, some of the particles in the fluid are transported from fluid stream to the 
solid-liquid interface, and are subsequently deposited onto the surface by a number of 
mechanisms such as straining, interception, sedimentation and physical chemical surface 
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interactions.  The mono-disperse particle conservation equation in this condition can be 
expressed as follows (Tien 1989). 
        (6.1) 
The dispersion effects (both axial and radial) are neglected here because the dispersion 
had trivial impact on particle retention in a clean-bed filter at a steady state for typical particle 
filtration applications (Qi 1997).  In this equation, C is the concentration of suspended solids 
(M/L3); us is the superficial velocity, or approaching velocity (L/T); Z is the axial coordinate (L); 
σ is the specific deposit (dimensionless volumetric ratio of deposited particles to filter media); Θ 
is the corrected time (T) by subtracting the residence time inside filter bed as shown in equation 
6.2; t is elapsed filtration time (T); and ε is filter porosity (dimensionless). 
        (6.2) 
Trajectory Model 
Previous studies (Yao et al. 1971, Tien 1989) have determined the initial removal 
efficiency of a clean bed by analyzing the trajectories of particles as the particles approach the 
media.  Filtration or deposition of particles on porous media is nominally divided into two 
sequential steps: transport and attachment.  There are three physical processes involved in the 
transportation of particles in flowing fluids.  They are the Brownian diffusion (function of 
thermal gradients), fluid shear interception (function of velocity gradients), and sedimentation 
(function of gravity) (O’Melia 1985).  Attachment, on the other hand, is dominated by physical 
and chemical interactions that act between particles and media surfaces at short distances 
(Elimelech and O’Melia 1990).   
Yao et al. (1971) developed a filtration equation (6.3) based on a mass balance and the 
assumption that the filter bed consisted of an assemblage of isolated spherical collectors.  
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However, Flagen and Seinfeld (1988) derived a similar but different equation (6.4) based on the 
same assumption for aerosol filtration utilizing the pore velocity instead of superficial velocity.     
      (6.3) 
 
      (6.4) 
In these expressions, C0 and C are particle concentrations of the influent and effluent 
respectively (M/L3); dg is diameter of the spherical collector (L); α is sticking coefficient defined 
as the ratio of the rate particles stick to a collector to the rate they strike the collector 
(dimensionless, range: 0 ~ 1);  η is single collector collision efficiency (dimensionless, range: 0 
~ 1); L is bed depth (L). 
The single collector efficiency can be predicted according to following equation (Yao et 
al. 1971). 
      (6.5) 
The three terms on the right-hand side represent removal by diffusion, interception, and 
gravitational sedimentation, respectively, expressed as a function of three dimensionless numbers. 
In this expression, Npe is Peclet number, u·dg/DBM (dimensionless); NR is interception number, 
dp/dg (dimensionless); NG is gravitation number, Up/u (dimensionless); DBM is Brownian 
diffusivity defined in equation (6.6) (L2/T).  
      (6.6) 
In this equation, dp is particle diameter (L); u is approach velocity or pore velocity (L/T); 
k is Boltzmann constant, 1.38×10-23 (J/K); T is temperature (K); µ is dynamic viscosity of water, 
1.002×10-3 N s/m2 @ 20oC (MT-1L-1). 
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Up is particle settling velocity (L/T) that can be expressed as equation (6.7) (Metcalf and 
Eddy, 1991) assuming laminar settling regime (applicable for suspended and settleable particles 
< 75 µm).  
       (6.7) 
In this equation, g is gravity constant, 9.8 m/s2 (L/T2); ρp is particle density, 1500~3000 
kg/m3 (M/L3); ρf is fluid density, 998.2 kg/m2 @ 20oC for water (M/L3). 
The discrepancies between the model and experimental data motivated Yao (1971) to 
induce a correction factor As which was derived by Happel and Brenner (1965) in the collision 
efficiency term for collisions generated by diffusion.  Equation (6.5) was then modified to (6.8) 
and was referred by Logan et al. (1995) as Yao-Habibian model.  The Happel correction factor 
As was defined in equation (6.9).  
      (6.8) 
      (6.9) 
In this equation, γ = (1-ε)1/3.   
Tien (1989) developed two equations based on the numerical solution of the differential 
equation (6.1) describing particle trajectories to model particle removal by interception and 
gravitational sedimentation.  The single collector efficiency that utilizes filtration equation (6.3) 
is shown in the following equation by combining Brownian diffusion as the first term in the 
equation:  
           (6.10) 
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In this equation, NLO is an additional term that includes the contributions of particles 
London-Van der Waals attractive forces to particle removal, defined as: 
          (6.11) 
In this equation, H is Hamaker constant, 10-18 J.   
Variably Saturated Porous Media 
Water Contents, Pressure Head and Hydraulic Conductivity 
The sorption forces for water molecules are commonly considered to be composed of two 
general types: intermolecular forces (Van der Waals forces), and chemical or Coulombic forces.  
According to Hillel (1980), chemical forces are much larger than Van der Waals forces which 
are on the order of 5 Kcal/mole while chemical forces are on the order of 20 to 100 Kcal/mole.   
Therefore, water, as a dipolar compound, will be attracted by surface charge to the filter media.  
With this attraction, residual water content, θr, will still be held even under very high suction. 
The amount of liquid attracted by the media is also explained as an electrostatic phenomenon 
known as Layer’s theory (Guymon 1994).  The retention curve describing the relationship 
between pore-water pressure and water content, has been extensively used to represent the 
effects of both capillary forces (intermolecular forces) and surface chemical forces in retaining 
water in porous media.   
Solving Richard’s equation requires using the relationships for the soil water retention 
function and the unsaturated hydraulic properties. Both the unsaturated hydraulic conductivity 
K(Ψ) and water content θ(Ψ) are non-linearly related to water head Ψ.  Empirical attempts to 
model the retention curve have been made.  One of the attempting to estimate unsaturated 
hydraulic conductivity functions and examined in detail is the van Genuchten model (van 
Genuchten et al. 1980) incorporated with a parameter modification by Mualem (1976).   
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        (6.12) 
        (6.13) 
        (6.14) 
In these equations, Ks is saturated hydraulic conductivity (L/T); Kr is relative hydraulic 
conductivity (L/T); K(Se)is hydraulic conductivity as a function of relative saturation Se (L/T); 
Κ(Ψ) is hydraulic conductivity as a function of pressure head Ψ (L/T); α, and n are media 
specific curve fitting parameters (dimensionless); Se is the effective saturation defined as follow: 
       (6.15) 
In this equation, θ  is water content (dimensionless); θs is saturated water content 
(dimensionless); θr is retention water content, respectively (dimensionless). 
The equations (6.12) and (6.15) contained four independent parameters (θr, θs, n, and α), 
which have to be obtained by the water retention curve.  Of these four parameters, θs is easily 
available by measuring the porosity of the porous media.  However, experimental determination 
of θr by experiment is somewhat arbitrary (van Genuchten 1980).  The lower end of the curve is 
fairly unimportant and may fall out of the general shape of the water retention curve.  Therefore 
a nonlinear least-square curve-fitting was proposed by van Genuchten (1980) to simultaneously 
estimate θr, n, and α.   Simple closed form expression for hydraulic conductivity K was proposed 
by van Genuchten (1980) to predict the unsaturated hydraulic conductivity using the parameters 
obtained by the curve-fitting method mentioned above.  A good fit between observed and 
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calculated conductivity curves for soils have been shown by van Genuchten (1980), Brooks and 
Corey (1964), Mualem (1976b), and Elrick and Bowman (1964).   
Particle Deposit in Variably Saturated Porous Media 
Similar to filtration in saturated flow, the deposit of particles in variably saturated flow 
involves hydrodynamics, physical and chemical forces.  These mechanisms include straining, 
interception, Brownian motion, sedimentation, and adsorption due to electrostatic or inter-
molecular forces.  In addition to the chemical process during adsorption, van der Waals forces 
may be more significant in unsaturated flow, where restricted water-film thickness increases the 
likelihood of particle approach to surfaces.  The Brownian diffusivity of suspended particles 
within the flowing pore water can be described by equation (6.6) and incorporated in Peclet 
number NPe.  At low-flow rates through small pores, diffusion is large enough to enable small 
particles to diffuse to the pore wall into connecting micropores, leading to occlusion or 
adsorption.  Particle sedimentation can be calculated as a function of particle size through 
Stoke’s Law, as shown in equation (6.7).  Adsorption to the media is a major factor; retarding 
movement for small particles and was included in NLo which describes the London-van der Waal 
attractive forces.   
Studies have shown that the total fraction of particles retained in a filter column is 
inversely related to water content.  Jewett et al. (1999) reported that decreasing the water content 
of sand columns by 54% resulted in approximately twice the cell retention for bacteria.  The 
liquid-gas interface was found to significantly limit the bacterial transport through variably 
saturated porous media (Sim and Chrysikopoulos 2000, 1999, Schefer et al. 1998).   Similar 
colloid removal results of inverse relation to water content were found by Wan and Wilson 
(1994).   Further study of microstructure of the unsaturated flow film on the media surface 
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indicated that the high velocity of the film flow can be an important mechanism (Wan et al. 1996, 
Tokunaga and Wan 1997).  The ratio of colloid size to film thickness and flow velocity proved to 
be important to the retention of the colloids (Wan and Tokunaga 1997). 
METHODOLOGY 
Water Content and Unsaturated Hydraulic Conductivity 
Both sand and concrete media were used in this study to investigate the hydraulic 
properties of the filter column.  The concrete was made of Portland cement and fine sand (US 
sieve #30, <600 µm) with the ratio of 3:1.  The concrete was then crushed and sieved between 
US sieve #10 (2000-µm) and #20 (850-µm).  The physical properties of the media was reported 
elsewhere (Teng and Sansalone 2004). 
A least-squares curve-fitting was applied to fit the water retention curve to equations 
(6.12) and (6.15) to determine the parameters θr, α and n.  The unsaturated hydraulic 
conductivity as a function of effective saturation degree was then predicted by equation (6.16) 
which is equivalent to equations (6.12) and (6.13) (van Genuchten 1980). 
        (6.16) 
However, since the reported application of this approach was limited to soils with 
comparatively low hydraulic conductivity ranging from 5.7×10-5 to 7.5×10-2 cm/min (van 
Genuchten 1980, Touma and Vauclin 1986), the validation of the equation for unsaturated 
hydraulic conductivity of filter media with Ks at 23.7 and 45.3 cm/min (measured by constant 
head method from ASTM 2003) required verification by experiment.  Reliable estimate of the 
unsaturated hydraulic conductivity for natural heterogeneous soil is especially difficult to obtain 
because of both the variable properties of the soils and the time-consuming measurements due to 
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the low hydraulic conductivity (van Genuchten 1980).  However, the homogeneous and isotropic 
hydraulic properties of porous filter media did not present such difficulty.   
A dynamic gravimetric measurement was employed in this study to investigate the 
relation between unsaturated hydraulic conductivity and the water content inside the column. 
The schematic of the experiment setup is shown in Figure 6.1.  The filter media was packed in a 
plexiglass column, 15.0-cm in length with a 6.84-cm inside-diameter, after being dried overnight 
at 60 oC.  A porous plate with pore size of 0.5 mm was used to distribute the flow evenly onto 
top surface.  The experimental configuration that include steel stand, the clamp, and the column, 
which was filled with a known weight of dry media, were measured by electronic balance 
(Denver TL4102, d = 0.01 g) and weights recorded.  Thereafter, a series of steady state flow 
conditions were achieved by maintaining a specified flow (up to 25 cm/min which is 
approximately twice greater than the experimental range) with recorded flow rates at the top of 
the column by a peristaltic pump (Masterflux 7520-40).   The weight of the water content in the 
filter bed was obtained by subtracting the tare dry weight of the system from the weight under 
each steady state flow condition.  The water content measured was used for determination of the 
parameters required by the simulation of variably-saturated numerical model.  The measurement 
of water retention curve was reported elsewhere (Teng and Sansalone 2003).  
Filtration Model for Unsaturated Flow 
Unsaturated flow occurs when a liquid flow through porous media under gravitational 
force with flow rates lower than the saturated hydraulic conductivity.  Unsaturated hydraulic 
conductivity is non-linearly related to the water content as well as the physical properties of 
porous media.  Unsaturated flow is assumed to occur by means of interconnected films of fluid 
surrounding media particles with the large pore spaces occupied by gas.  Therefore, the actual 
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water film velocity can be several times greater than the superficial velocity or pore velocity 
under saturated conditions with the same hydraulic loading rate.  The water film velocity was a 
major modification that was incorporated into the unsaturated filtration model presented in this 
study.  The relationship between approach velocity and water film velocity are shown in Figure 
6.2, and are presented as the following equation by assuming that the pore spaces are uniformly 
distributed throughout the depth of the filter bed:  
       (6.17) 
In this equation, u(x) is water film velocity at x cm depth; up is pore velocity (L/T) in 















Figure 6.1  Schematic of the gravimetric measurement of water content under unsaturated flow 
condition. 
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Another major difference between unsaturated and saturated flow conditions which were 
incorporated in the simulation was the existence of a liquid-gas interface.  Considering the 
significant effects of surface tension of the liquid-gas interface on particle attachment, a 
dimensionless number NST representing surface tension effects was introduced based on the the 
area of liquid-gas and solid-liquid interfaces, surface tension, particle velocity, and viscosity as 






up:  pore velocity, us/ε
u:   water film flow rate, up/Se
us: Approaching velocity
umax:  maximum velocity at liquid-gas interface




Figure 6.2.  Schematics of the approach velocity, pore velocity and water film velocity. 
 
        (6.18) 
In this equation, σ is the surface tension of water (M/T2) 0.0728 N/m at 20oC; µ is the 
dynamic viscosity of the water (M/LT) 1.002×10-3 N s/m2; vp is the particle velocity in the water 
film (L/T); SLG and SSL are the area of liquid-gas and solid-liquid interface, respectively (L2). 
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The following equation was derived to calculate the area of liquid-gas interface inside a porous 
media with effective saturation degree Se.   
       (6.19) 
In this equation, Vbed is bulk volume of the filter bed (L3), and ng is the number of media 
grains, calculated by assuming spherical filter grains. 
          (6.20) 
Veerapaneni et al (2000) reported that the movement of particles in the water film is 
related to the ratio of particle size to fluid film thickness due to the existence of surface tension.   
When particle size is significantly smaller than the water film thickness of ξ, the particle velocity 
increased linearly with the particle size (Veerapaneni et al 2000).  When the particle size is 
comparable to film thickness, a significant drop on particle velocity was observed.  For partially 
submerged particles that are significantly greater than film thickness, the transport of particles is 
dominant by gravitational force (Veerapaneni et al 2000).  Particle velocity vp was quantified 
based on the experiment results from Veerapaneni et al. (2000) for particles size from 2 µm to 
1000 µm and is summarized as follow: 
   (6.21) 
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In these equations, ξ(x) is the thickness of water film (L) around media surface at depth 
of x cm under certain saturation condition; dp is particle size (L); Umax is the maximum velocity 
(L/T) which occurs at the liquid-gas interface.  The thickness of the fluid film ξ was 
approximated by equation (6.22) assuming smooth spherical media with uniform size and that 
water flow along the surface of the media evenly. 
        (6.22) 
In this equation, Vwater is total volume of water (L3); Smedia is the macroscopic surface area 
of the filter media (L2), θ(x) is the water content in terms of volumetric ratio (L3/L3) at depth of 
x cm, dg is the grain size of filter media (L).   
The maximum velocity of the fluid at the liquid-gas interface umax can be derived by 
assuming the flow rate distribution across the fluid film was linear and approximately zero 
velocity at the liquid-solid interface: 
       (6.23) 
Utilizing the simulated water content profile as a function of depth of filter bed, the water 
film velocity was calculated along the filter bed depth using equation (6.17).  Also the 
dimensionless surface tension number, NST, was calculated according to equation (6.18).  
Equation (6.10) was modified by adding the surface tension term and the parameters β1, β2 and 
β3 were determined by fitting to experimental data (Teng and Sansalone 2004b): 
 
              (6.24) 
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RESULTS AND DISCUSSION 
Unsaturated Hydraulic Conductivity 
The results of least-squares curve-fitting to the water retention curve and gravimetrically-
measured variably saturated hydraulic conductivity are summarized in Figure 6.3.  The media 
characteristics are summarized in Table 6.1.  The residual water content θr, the parameters α and 
n were determined from the water retention curve for both sand and concrete media as shown in 
plot (a).  The hydraulic conductivity of both sand and concrete were calculated based on both 
water pressure data by equations (6.14) and (6.16) and water content data by equations (6.13) 
and (6.14).  The results are shown in plot (b) along with the gravimetrically measured hydraulic 
conductivity as a function of water content.   For equations (6.13) the parameters α and n were 
determined from plot (a) and for equations (6.16) the parameter m = 1-1/n.  The least-squares 
curve-fitting to the water retention curve indicated a good agreement (SSE = 0.0033 and 0.0072) 
for sand and concrete sand and concrete media and provided reasonable residual water content 
values (θr = 0.072 and 0.275, respectively).  The residual water content for concrete media was 
significantly higher than sand media because of the existence of micro-porosity.  Although the 
curve-fitting results for water retention curve was successful, application of the parameters 
obtained to predict variably saturated hydraulic conductivity using either the pressure head data 
or water content data resulted in large error.  The prediction overestimated the hydraulic 
conductivity and underestimated the water content in most case for both sand and concrete media.  
This error of prediction is probably due to the water retention curve which has been widely 
applied in groundwater and agronomy is based on static condition.  Although the water retention 
curve can still be used to investigate the pore size distribution for granular porous media, the 
neglecting of friction shear force in water retention curve resulted in the error in predicting the 
unsaturated hydraulic conductivity which is a dynamic property of the porous media.  Therefore, 
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Water Content, θ
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Figure 6.3.  Results of least-squares curve-fitting to water retention curve and gravimetrically-
determined unsaturated hydraulic conductivity. 
Plot (a). The parameters α and n are determined from equation (6.12) with SSE = 0.0033 and 
0.0072 for sand and concrete respectively.  Plot (b). The parameter m is determined from 
equation (6.16) with SSE = 5.285 and 172.7 for sand and concrete respectively. Prediction of 
hydraulic conductivity K from water content θ is based on equation (6.16) and (6.14) using m.  
Prediction of hydraulic conductivity K from pressure head Ψ is based on equation (6.13) and 
(6.14) using the α and n value from water retention curve with m = 0.819 and 0.782 for sand and 
concrete, respectively. 
the parameters obtained from the water retention curve were inapplicable for the determination 
of the hydraulic conductivity of the filter media with the comparatively high hydraulic 
conductivity.  Therefore, the gravimetric method was applied in this study to obtain the empirical 
parameter by fitting the K-θ curve to equation (6.16) as shown in plot (b).  Results of curve 
fitting for the gravimetrically measured unsaturated hydraulic conductivity were different for the 
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sand and concrete media.  Simulation of the unsaturated hydraulic conductivity of sand media 
successfully matched the experiment observation (SSE = 5.285) while the simulation for 
concrete media was poor (SSE = 172.7).  The reason of the poor results for concrete media might 
be the existence of micro-porosity which exhibited abnormally high porosity and residual water 
content.   
Table 6.1  Media characteristics and hydraulic loading range for water content measurement. 
 
 concrete sand 
α 0.011 0.112 
n 4.577 5.539 
m 0.478 0.733 
θs 0.468 0.362 
θr 0.275 0.072 
Ks  45.3 ± 1.31 23.75 ± 0.05 
d50 1.304 1.14 
us 0.76 - 24 0.87 - 21 
α, n : parameters for water retention curve; 
m : parameter for Ks-q curve; 
θs : saturated water content, equal to porosity; 
θr : residue water content; 
Ks  : Saturated hydraulic conductivity (cm/min); 
d50 : Particle size at 50 percentile; 
us : approach velocity (cm/min). 
The water content distribution in the sand column with increasing column depth for 5 
different flow rates was simulated using a 2D numerical model of Richard’s equation and is 
shown in Figure 6.4.  The flow rates were selected according to the previously reported column 
filtration experiment (Teng and Sansalone 2004b).  The water content in the sand column 
increased with increasing flow rates and increasing column depth. 
Flow Rate and Filtration Performance 
The water film thickness and water film velocity were calculated based on the water content 
profile.  The distribution of the water film thickness and water film velocity are shown in Figure 
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6.5 as a function of the column depth.  As water content decreases, the water film velocity 
decreased with increasing column depth, and increased with increasing hydraulic loading rates. 
The water film thickness increased from about 50 µm to over 100 µm as the hydraulic loading 
rate and depth increases.  Particle velocity as a function of particle size, column depth, and 
hydraulic loading rate is summarized in Figure 6.6.  As the water film became thicker in the 
lower part of the column the particle velocity decreased.  Variations of the particle velocity were 
most significant with the hydraulic loading rates, while large particle size slightly decreased the 
particle velocity.  Based on the results of particle velocity, the surface tension number NST was 
calculated using equation (6.18) and was presented in Figure 6.7.  The surface tension number 
represented the effect of surface tension of liquid-gas interface on particle deposition.  The 
higher the NST, the more particles tended to be captured by liquid-gas interface.  The surface  
Water content, θ



















Porosity = 0.362  
Figure 6.4.  Simulated water content profile as a function of depth in the sand filter column under 
different flow rates introduced at the top of the column (L = 0 cm).  The flow rates were obtained 
from previous column experiment (Teng and Sansalone 2004). 
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Water film velocity, u(x) (cm/min)












Water film thickness, ξ (µm)















Figure 6.5.  Simulated water film thickness and velocity distribution as a function of depth of 
sand filter column under different flow rates introduced at the top of the column (L = 0 cm).  The 
flow rates were obtained from previous column experiment (Teng and Sansalone 2004).  
tension number increased with particle size faster in the upper layers where the water content 
was comparatively lower as comparison to the lower filter layers.  However, the NST decreased 
rapidly for the particle which was greater than 70 µm at the top 2 cm of the column when 
subjected to 1.14 cm/min.  This decrease of NST was not consistent with the general trend 
indicating that the surface tension mechanism decreased rapidly when the ratio of particle size to 
the fluid film thickness was over 1.2 (Wan and Tokunaga 1997).  In this study, the large ratio (> 
1.2) of particle size to fluid film thickness only occurred for the large particle (> 70 µm) at the 
upper 2 cm of the column when the thinnest water film occurred under the lowest hydraulic 
loading rate.  The overall particle deposit under variably saturated flow conditions was largely 
increased as a result of the existence of gas-liquid interface which provided additional deposit 
sites and surface interaction.  
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The simulation of filtration performance in terms of C/C0 as a function of particle size is 
shown in Figure 6.8 as a comparison to experimental observation which was presented elsewhere 
(Teng and Sansalone 2005).  The determination of parameters β1, β2, and β3 using the least-
squares best-fit method provided a good fit to the data (SSE = 0.12).  The equation (6.24) was 
presented as follows. 






















































































Figure 6.7.   Surface tension number NST as a function of particle size column depth and 
hydraulic loading rates. 
Removal of large particles was not influenced by the rapid change of NST in the upper 
layer sections under conditions of low hydraulic conductivity.  However, the model tends to 
underestimate the C/C0 value for particles finer than 3 µm at most flow rates except for the 
hydraulic loading rate at 1.143 cm/min.  This underestimation may be due to the existence of a 
controlling process in deposit of fine particles which is the collision rate controlled by diffusion 
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and advection.  Previous study has shown that the unsaturated flow is generally a plug flow with 
little diffusion and dispersion as compared with saturated flow conditions (Teng and Sansalone 
2004).  The trajectory model in this study is extended from a saturated flow filtration model 












1.14 cm/min  SSE = 0.0144
2.59 cm/min  SSE = 0.0267
4.22 cm/min  SSE = 0.0336
7.44 cm/min  SSE = 0.0180
9.66 cm/min  SSE = 0.0323
Total SSE = 0.125
 
Figure 6.8   Comparison of modeling and observed initial removal efficiency of the sand column 
as a function of particle size.  Experiment method and data were reported elsewhere (Teng and 
Sansalone 2004).  Model is based on modified trajectory analysis: 
The C/C0 for each particle size and hydraulic loading rates are shown in Figure 6.9 as a 
function of column depth.  The variation of C/C0 for each particle size with the column depth is 
in fact a function of water film thickness, water film velocity, and the particle velocity which is 
controlled by water content profiles.  Although the water content was higher in the lower parts of 
the column for all hydraulic loadings, the variation of C/C0 with column depth was varied with 
hydraulic loading rates.  For a lower hydraulic loading rate, the C/C0 decreased with increasing 
column depth even though the lower part had higher water content.  The reason of the inversed 
relationship between C/C0 and water content is that the water film velocity decreased with 
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increasing water film thickness under constant hydraulic loading rate.  This trend was most 
obvious for medium sized particles.  With the increase of hydraulic loadings, the value of C/C0, 
however, became almost unchanged with column depth, and even slightly increased for small 
particles. 
C/C0




































































72 µm 1.36 µm
72 µm 1.36 µm72 µm 1.36 µm
72 µm 1.36 µm 72 µm 1.36 µm
Q = 1.14 cm/min Q = 2.59 cm/min
Q = 4.22 cm/min Q = 7.48 cm/min
Q = 9.66 cm/min
 
Figure 6.9   Simulated particle removal for each particle size and hydraulic loading rates as a 
function of column depth. 
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CONCLUSIONS 
A trajectory model describing the filtration of particles in variably saturated porous media 
was developed.  Good agreement between modeled results and experimental data covering a 
wide range of hydraulic conditions supports the conceptual basis of the trajectory model.  A 
dimensionless surface tension number NST was introduced to an existing saturated flow filtration 
trajectory model to include the effect of the gas-liquid interface for particle deposition.  The 
trajectory model also used the water film velocity instead of the pore velocity which only applies 
to saturated flow conditions.  The model incorporating straining, interception, gravitational 
sedimentation, London-van der Waal attractive force, and the surface adsorption on to gas-liquid 
interface defined the nature of particle transport in the variably saturated porous media. 
Model simulation indicated that particle deposit in variably saturated porous media is 
highly sensitive to interstitial water content variability.  However, the relation between water 
content and particle deposit is not simply an inversed relationship.  Apparently, when the water 
content was increased by larger hydraulic loadings, the particle deposition decreased.  However, 
when subject to identical hydraulic loadings (for upper parts and lower parts of the column), the 
particle deposition is a complicated function of water film velocity, water film thickness, particle 
size, and the ratio between them.  Although lower water content in the porous media resulted in 
more gas-liquid interface for particle staining and attachment, lower water content also increased 
the water film velocity which promoted the particle penetration in most cases.  The situation is 
more complicated when water film thickness is close to the particle size due to the non-
continuous relationship between the ratio of the particle size to the water film thickness and the 
ratio of particle velocity to the water film velocity.  The critical ratio was 0.8 and 1.2 as reported 
by Veerapaneni et al (2000).   
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In this study, only sand media was used in the modeling process due to the assumption of 
smooth spherical media involved in the trajectory model.  Further study to include other non-
ideal media such as the concrete media requires incorporating the complex surface morphology 
and surface charge, micro-structure, and factorial dimension of the media.  Model simulation can 
also be further enhanced by careful experimentation to identify the effect of surface interaction 
on gas liquid interface, and fluid shear force on the particle deposit. 
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NOMENCLATURES 
As  :  Happel correction factor (dimensionless);    
C :  the concentration of suspended solids (M/L3)   
C0/C :  particle concentrations of the influent and effluent (M/L3); 
DBM :  Brownian diffusivity (L2/T); 
dg :  filter-grain diameter (L); 
dp :  particle diameter (L); 
g :  gravity constant (L/T2); 
H :  Hamaker constant 10-18(J); 
k :  Boltzmann constant, 1.38×10-23 (J/K); 
K(ψ) :  unsaturated hydraulic conductivity function (L/T); 
Kr :  relative hydraulic conductivity (L/T); 
Ks  :  saturated hydraulic conductivity (L/T); 
K(Se) :  hydraulic conductivity as a function of effective saturation Se (L/T); 
L :  bed depth (L); 
m, n, α :  parameters in van Genuchten equations, m = 1-1/n; 
ng :  the number of media grains, calculated by assuming spherical filter grains (counts). 
NG  :  gravitation number is Up/u (dimensionless); 
NLO :  number for London-van der Walls attractive forces (dimensionless); 
Npe  :  Peclet number is u·dg/DBM (dimensionless); 
NR  :  interception number is dp/dg (dimensionless); 
NST :  surface tension number (dimensionless); 
Se  :  reduced saturation degree (dimensionless); 
SLG/SSL:  area of liquid-gas and solid-liquid interface, respectively (L2);  
Smedia  :  macroscopic surface area of the filter media;   
T  :  temperature (T); 
t :  elapsed filtration time (T); 
u :  approach velocity or pore velocity (L/T); 
Umax  :  maximum velocity (L/T) which happened at the outer surface of the fluid film; 
u(x)  :  mean velocity of the fluid film (L/T); 
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Up :  particle settling velocity (L/T); 
up  :  pore velocity (L/T); 
us :  approach velocity (L/T); 
Vbed  :  bulk volume of the filter bed (L3);   
vp  :  particle velocity in the water film (L/T);  
Vwater  :  total volume of water; 
Z :  Axial coordinate (L); 
α :  sticking coefficient (dimensionless); 
β1, β2, β3:  empirical constant in equation (26); 
σ :  specific deposit (dimensionless); 
Θ :  corrected time (T); 
θ :  water content (dimensionless); 
?s  :  saturated water content (dimensionless); 
θ(x) : the water content in terms of volumetric ratio at depth of x cm; 
ε :  filter porosity (dimensionless); 
λ :  filter coefficient (L-1); 
σ :  surface tension (M/T2); 
µ :  dynamic viscosity of the fluid (M/LT); 
ρp :  particle density (M/L3);   
ρf :  fluid density (M/L3); 
θ(ψ)  :  volumetric water content (L3/L3) as a function of pressure head; 
θ(x)  :  volumetric water content (L3/L3) at depth of x cm,  
ξ(x)  :  thickness of fluid film around media surface (L) at depth of x cm; 
η :  single collector collision efficiency (dimensionless); 
Ψ  :  pressure head (L); 




CHAPTER 7.  CONCLUSION 
 
 
This dissertation focused on the variably saturated function of a partial exfiltration reactor 
(PER), an infiltration and filtration best management practice (BMP), for both water quality and 
quantity control of rainfall-runoff.  Through evaluation of field and bench-scale column 
experiments, hydrological modeling and filtration trajectory modeling a number of conclusion 
has bee identified.  
 First, the design and operation of a PER loaded by urban rainfall-runoff was examined.  
Over a 10-month period, on an event-basis for three rainfall runoff events, the function of the 
PER was examined.  Results indicated that the dissolved fraction, fd, of all influent metal 
elements in qsf (except Fe) for these site conditions (low rainfall pH, low runoff alkalinity and 
short residence times) were greater than 50% indicating that (1) characterization of the influent 
partitioning at the point of control is critical for design and (2) that the PER or any in-situ BMP 
under these conditions must be capable of providing an adsorptive or surface complexation 
function for dissolved constituents.  While the PER must be capable of effective control for 
dissolved constituents, the PER must also function to provide particle separation.   Over a range 
of hydrologic events the PER was capable of statistically significant event-based reductions of 
dissolved and particulate-bound metals, solids and COD concentrations.  Effluent mass 
reductions were generally greater than concentration reductions due to exfiltration.  Results also 
indicated that the combined function of cementitious porous pavement (CPP) and oxide coated 
sand (OCS) provide a number of water quality attributes for the PER.  The CPP provided 
alkalinity and pH increase for the storm water influent that is poorly buffered.  The moderate 
increase in pH, alkalinity and hardness provided a reduction in toxicity for effluent heavy metal 
(Cusimano et al. 1986).  The moderate increase in pH is capable of raising the pH above the PZC 
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of the Fe-coated media resulting in a net negative surface charge on the media.  The OCS 
provided a number of advantages compared to plain sand.  The surface charge of OCS is 
amphoteric and can be manipulated passively by the CPP design.  And it has a specific surface 
area that is several orders of magnitude higher than plain sand.  For the given PER design 
examined herein, metal element breakthrough capacity (controlled by particulate-Zn 
breakthrough with C/C0 = 0.90) is at least ten years (Sansalone 1999).  Leaching tests of 
exhausted media produced results lower than TCLP limits suggesting safe long-term 
management of OCS media. 
 The PER also functions as a water quantity control device when loaded by lateral 
pavement sheet flow.  Despite low saturated hydraulic conductivity of surrounding soils (Ksat = 
10-6 cm/second) PER results demonstrate a number of water quantity functions.  The first is 
significant storm water volume control.  The second function is significant peak flow reduction 
as demonstrated by the 12 June 1997 event.  Third, the PER is capable of increasing the lag time 
for the inflow hydrograph, attenuating the temporal aspects of the outflow hydrograph.   Finally, 
the PER serves as multi-purpose infrastructure to conventional underdrain design.  From a water 
quantity perspective while the in-situ clayey glacial till soils are not conducive to exfiltration, the 
PER still functioned as an in-situ water quantity control for the historical storms examined.  Soils 
of higher saturated hydraulic conductivity would further improve the function of the PER as a 
water quantity control BMP.  However, the low saturated hydraulic conductivity, high surface 
area and ion-exchange/adsorption capacity of clayey soils also provide immobilization protection 
for migration of constituents that may be exfiltrated from the PER.  While the PER has been 
examined from a water quality and quantity perspective as an engineered in-situ storm water 
BMP, issues of stability, such as sitting a PER on a slope or an embankment must be considered 
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as part of geotechnical design.  Provisions for maintenance, such as vacuuming or sweeping the 
CPP must also be considered as part of the design. 
The second conclusion is on the particle separation function of the PER.  Results 
indicated that the ratio of dm/dp could drop below 10 for CPP surface schmutzdecke but always 
exceeded 20 throughout each event for the underlying OCS media.  Such ratios indicated the 
filtration, and to a lesser degree surficial straining by the “schmutzdecke” was effective and 
ensured that only the smaller particles would enter the bed of OCS below the CPP.  The likely 
removal mechanism for these particles in the OCS bed was physical-chemical filtration.  As a 
result of the exclusion of particles through surficial filtration and straining by the schmutzdecke 
and CPP, the service life of the filter bed can be extended.  The difference of number volume 
mean size lnv between influent and effluent suspended particles (1 - 20 µm) decreased in low 
intensity events with elapsed time but increased in high intensity events.  However, the 
differences for all these historical events remained less than 1-µm.  
Modeling of the particle size distribution using a power law function demonstrated that a 
single cumulative power law could be used to reasonably describe suspended particle gradations 
between 2 and 75-µm particle size range (suspended + settleable particles), although a power law 
model incorporating an exponent that varies with diameter would be suggested over a wider 
range of particles sizes (less than 2-µm and greater than 75-µm).  Additionally, the power law 
function parameter α was shown to be a good index for removal efficiency and α was a function 
of hydrology.  Similarly, examination of the filter coefficient λ and volumetric fraction (V/V0) of 
particles remaining were also a function of hydrology.  The lowest flow rate event had highest λ 
and lowest V/V0 value.  
Statistical analysis demonstrated that the performance of the PER is a function of event 
 204 
hydrology.  Hydrologic-based behavior of in-situ particle separation by BMPs such as a PER is a 
critical conclusion from this study, since the unsteady loading to in-situ BMPs such as a PER 
cannot easily be controlled.  The particle removal efficiency was variable due to the unsteady 
nature of the hydraulic loading rate to the PER.  Therefore, unless there are hydrologic controls 
immediately upstream of such BMPs (and this is rarely the case for in-situ BMPs), planning and 
design must account for the unsteady water quantity and quality loadings.  Solids mass strained 
by the CPP was dominated by the 150 to 2000-µm range with peak mass and surface area values 
occurring at 300 to 400-µm.   In lieu or in conbination with non-structural approaches such as 
source controls (i.e. pavement cleaning) or mass trading/offsetting frameworks, infiltration-
exfiltration BMPs have the potential to be effective controls for in-situ particle separation if 
properly designed, maintained, and monitored.   However, given the particulate loadings in many 
urban areas effective performance and avoidance of failure will require regular maintenance and 
monitoring.  
As the third part of this study, a 2D numerical unsaturated flow model, VS2DT, was 
utilized to examine the flow conditions and water content variations for the in-situ PER under 
transient hydraulic loadings.  This examination included both historical and deign storm events 
with differing surrounding soil conditions and evaporation considerations.  The discharge profile, 
volume and timing predicted by the VS2DT model matched experimental measurement well.  
With the reduction of effluent peak flow and total effluent volume, the water quality was 
significantly improved as shown by indices such as suspended solids and dissolved Cu under 
conditions of no bypass from the PER.  The influence of different soil conditions was examined 
for transient hydraulic loading of the historical rainfall event of 12 June 1997.  Results indicated 
that for all soil conditions the peak effluent flow and total effluent flow were decreased and the 
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time to peak flow was increased for higher hydraulic conductivity of the surrounding soil.  
However, the influence of the hydraulic conductivity of the surrounding soil was not as 
significant as expected.  This indicated the applicability of a properly-sized PER as an in-situ 
BMP capturing urban sheet flow even in unfavorable soil condition.  The profiles of water 
content as a function of time illustrated clear trends of water movement and attenuation of the 
hydrograph with increasing depth in the PER.  The water content curve in the lower part of the 
PER shared the same trends of the upper part of the PER but was retarded and smoothed.  The 
dynamics of the water content illustrated the function of the PER that lowered the peak flow and 
extended the time to peak.  Numerical unsaturated flow simulations reproduced both the water 
content distribution at a given hydraulic loading rate and the dynamics of the water content with 
time.  These results are important for further study on the unsaturated flow filtration efficiency 
based on the saturation degree at different depth under similar conditions.  
Three design storm events with 1-year, 2-year, and 5-year return period were also 
simulated to evaluate the hydraulic performance of the PER under more extreme conditions.  The 
relative exfiltration rates of each design events were much lower than that of three historical 
events indicating that the exfiltration capacity of the surrounding soils of low hydraulic 
conductivity had limitations that precluded further exfiltration during design storm events.  
However, for all design events the peak flow rate and total volume of effluent hydrograph were 
reduced and the time to peak was extended indicating the effectiveness of the PER during design 
storm events.  Preliminary evaluation of the water quality function of the PER under design 
storm events were conducted by combining the site mean removal rate and modeled water 
balances.  Results indicated that the PER had slightly lower removal rate for design events as 
compared to historical events with part of the influent bypassed without treatment.  Evaporation 
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was simulated for the top CPP layer of the PER during the drying period after both historical 
events and design events.  The evaporation results were similar between historical and design 
storm events as indicated by similar water content in the CPP after the effluent ceased.  However, 
climate conditions had an effect on the rate of evaporation.  For the worst condition in winter, 
only 60% of the water content in CPP was evaporated during 3 days after the storm event while 
the drying time in summer was approximately 2 days to reach a residual water content of 0.03. 
Bench-scale column filtration experiments were conducted to examine the breakthrough 
of suspended and settleable particles based on an experimental matrix that included variations in 
saturated and unsaturated flow loading rates, ionic strength, and selected common BMP media.  
Experimental quantity and quality loadings were based on actual urban rainfall-runoff quantity 
and quality loadings.  Results indicated that hydraulic loading rates had significant influence on 
particle breakthrough and deposit capacity of the filter.  Results also indicated that filter media 
loaded with lower degree of saturation and lower hydraulic loading rates resulted in lower 
particle breakthrough.  However, the breakthrough of different sized particles at each hydraulic 
loading rate varied due to the variable fluid film depth which is controlled by water content 
saturation degree.  Results demonstrated that higher ionic strength resulted in lower 
breakthrough of particles.  This verified double layer force (DVLO) theory that electrolytes can 
reduce the zeta potential for both the suspended particles and the media, and can compress the 
double layer and increase particle-media interaction.  However, the influence of the ionic 
strength was also variable with particle size and degree of saturation. For a low ionic strength as 
1 mM, the low removal of small particles indicated that the dominant filtration mechanisms were 
straining and interception instead of Brownian diffusion.  Also particles were unlikely to 
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aggregate in the suspension, therefore, small particles tended to penetrate through the filter bed 
earlier due to their hydrodynamic mobility. 
Variably saturated flow condition gave promising results for concrete media as compared 
with saturated flow conditions; while for sand media there was not as significant of a difference 
between unsaturated and saturated results.  This different influences of degree of saturation are 
probably due to the surface roughness and electrostatic interaction.  The difference in the 
performance between saturated and variably saturated flow conditions are mainly due to the roles 
of electrostatic force and interception which are significantly influenced by the distance between 
particle and media surface.  Variably saturated flow which is mainly a creeping fluid film along 
the surface of the filter media reduced the interaction distance.  Therefore, the removal for small 
particles under variably saturated flow deteriorated rapidly when the surface interaction became 
unfavourable.  Although the zeta potential for cementitious material was reported both positive 
and negative, the unfavourable results showed here demonstrated that the zeta potential of 
concrete media is negatively charged as was the charge on clay particles measured in this study.  
This unfavourable condition can also influence Brownian diffusion of the small particles.  For 
medium to large sized particles, interception was effective due to the rough surface of the 
concrete media and reduced radial distance to the collector’s surface.  For sand media, variably 
saturated flow provided better performance than saturated flow conditions only for fine particles 
while not much difference was found for medium to large particles that were greater than 2.0 µm.  
Removal of medium to large sized particles involved more staining by the finer grain size and 
lower porosity of the sand media provided straining that was not as greatly influenced by 
variable flow conditions.  Generally sand media was more efficient than concrete media 
regardless of being coated or uncoated because of the finer grain size and lower porosity.  The 
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difference in performance for coated and uncoated media was found to be small in terms of the 
breakthrough of particle size range tested and filtration capacity.   
As the last part of the study, a trajectory model was developed that described the filtration 
of particles in variably saturated porous media.  Good agreement between modeled results and 
experimental data covering a wide range of hydraulic conditions supports the conceptual basis of 
the trajectory model.  A dimensionless surface tension number NST was introduced to an existing 
saturated flow filtration trajectory model to include the effect of the gas-liquid interface for 
particle deposition.  The trajectory model also used the water film velocity instead of the pore 
velocity which only applies to saturated flow conditions.  The model incorporating straining, 
interception, gravitational sedimentation, London-van der Waal attractive force, and the surface 
adsorption on to gas-liquid interface defined the nature of particle transport in the variably 
saturated porous media. 
Model simulation indicated that particle deposit in variably saturated porous media is 
highly sensitive to interstitial water content variability.  However, the relation between water 
content and particle deposition was not simply an inverse relationship.  Apparently, when the 
water content was increased by larger hydraulic loadings, the particle deposition decreased.  
However, when subject to identical hydraulic loadings (for upper parts and lower parts of the 
column), the particle deposition was a complicated function of water film velocity, water film 
thickness, particle size, and the ratio between them.  Although lower water content in the porous 
media resulted in more gas-liquid interface for particle staining and attachment, lower water 
content also increased the water film velocity which promoted the particle penetration in most 
cases.  The situation is more complicated when the water film thickness is close to the particle 
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size due to the non-continuous relationship between the ratio of the particle size to the water film 
thickness and the ratio of particle velocity to the water film velocity.   
In this study, only sand media was used in the modeling process due to the assumption of 
smooth spherical media involved in the trajectory model.  Further study to include other non-
ideal media such as the concrete media requires incorporating the complex surface morphology 
and surface charge, micro-structure, and fractal dimension of the granular media.  Model 
simulation can also be further enhanced by additional measurements to identify the effect of 
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